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INFORMATION CONTAINED I N  THE I N T E N S I T Y  AND POLARIZATION OF SCATTERED SUNLIGW 

s - ' ?  
1. DESCRIPTION O F  RADIATION 

The purpose o f  t h i s  appendix is  t o  
d i scuss  how s c a t t e r e d  s u n l i g h t  depends on 
the nature  o f  the s c a t t e r i n g  m a t e r i a l -  
Much of  t he  information which we would 
l i k e  t o  o b t a i n  on p l a n e t s ,  s a t e l l i t e s ,  
the r i n g s  o f  Saturn and i n t e r p l a n e t a r y  
p a r t i c l e s  is contained i n  scattered radi-  
a t i o n  which can be measured with remote 
passive techniques. An understanding o f  
t h e  ways i n  which the c h a r a c t e r i s t i c s  of  
the r a d i a t i o n  depend on the  p rope r t i e s  of  
the observed bodies i s  e s s e n t i a l  i f  we 
are to make a n  optimum choice f o r  t he  
type o f  measurements, t he  wavelength in- 
t e r v a l s  and t h e  geometry of observation. 
Such an understanding is  a l s o  required i n  
order  t h a t  we may know the  degree of cer-- 
t a i n t y  which can be a t t ached  t o  informa- 
t i o n  obtained from s c a t t e r e d  l i g h t .  

A l l  passive methods of  remote sens- 
ing r e l y  on measurements of the i n t e n s i t y  
o f  r a d i a t i o n  s t r i k i n g  some d e t e c t o r .  An 
instrument f o r  o p t i c a l l y  transforming t h e  
received r ad ia t ion  may precede the  detec- 
t o r .  A t  each wavelength the  r a d i a t i o n  
can be completely defined as f a r  as prac- 
t ical  a n a l y s i s  is  concerned by four  para- 
meters: t h e s e  parameters thus contain the 
t o t a l  a v a i l a b l e  information i n  the re- 
ceived r a d i a t i o n .  Although we may choose 
from a v a r i e t y  of  ways t o  mathematically 
r e p r e s e n t  r a d i a t i o n ,  t he  most u s e f u l  
phys i ca l  desc r ip t ion  is i n  terms of the 
i n t e n s i t y ,  t h e  l i n e a r  p o l a r i z a t i o n  ( i t s  
degree and d i r e c t i o n )  and t h e  c i r c u l a r  
p o l a r i z a t i o n .  A l l  of these q u a n t i t i e s  
can be measured as a funct ion of wave- 
l eng th ,  t h e  s c a t t e r i n g  geometry ( the  d i -  
r e c t i o n s  of t h e  observer and of t h e  sun) 
and l o c a t i o n  on the p l a n e t  qr o t h e r  ob- 
served medium. 

The i n t e n s i t y  is t h e  q u a n t i t y  most 
commonly measured, and it can be e f f ec -  
t i v e l y  used i n  a v a r i e t y  of ways. O b s e r -  
va t ions  o f  absorpt ion l i n e s  a t  high spec- 
t r a l  r e s o l u t i o n  y i e l d  information on t h e  
gaseous composition o f  a n  atmosphere and 
on the  temperature and pressure d i s t r i b u -  
t i o n s ;  however, the accuracy with which 
q u a n t i t a t i v e  information can be obtained 
depends on how much independent knowledge 
of  t h e  atmospheric s t r u c t u r e  is  a v a i l a b l e ,  
p a r t i c u l a r l y  on the na tu re  and d i s t r i b u -  
t i o n  o f  scatterers. Broad-band measure- 
ments of t he  i n t e n s i t y  o f  l i g h t  s c a t t e r e d  
by p l a n e t a r y  atmorpheres and su r faces  ara 

also commonly made: although theae obser- 
v a t i o n s  are no t  o f t e n  subject to unique 
i n t e r p r e t a t i o n s  they do h e l p  t o  l i m i t  t h e  
p o s s i b i l i t i e s  f o r  t h e  composition o f  t he  
scatterers. I m g i n q  devices yield tine 
s p a t i a l  v a r i a t i o n  of  the i n t e n s i t y  o f  
s c a t t e r e d  s u n l i g h t ;  t h i s  can provide in- 
formation on t h e  a t r u c t u r e  of  clouds o r  
of a p l a n e t a r y  su r face .  

The l i n e a r  p o l a r i z a t i o n  is less 
commonly measured than t h e  i n t e n s i t y ,  
perhaps p a r t l y  because it r e q u i r s r  aome 
a d d i t i o n a l  instrumentat ion,  p a r t l y  be- 
cause it is less f a m i l i a r  t o  un* and 
p a r t l y  because less work has been done i n  
i n t e r p r e t i n g  p o l a r i z a t i o n s  than i n  i n t e r -  
p r e t i n g  i n t e n s i t i e s .  However, t he  l i n e a r  
p o l a r i z a t i o n  has t h e  major advantage t h a t  
it can be obtained from a r e l a t i v e  m e a -  
surement w i th  a higher  accuracy (- 0.2%) 
than  t h a t  w i th  which the  i n t e n s i t y  can be 
measured. It has a l s o  been demonstrated 
wi th  l abora to ry  and t h e o r e t i c a l  work t h a t  
errors of  measurement can be kept  much 
smaller than t h e  c h a r a c t e r i s t i c  f e a t u r e s  
i n  t h e  l i n e a r  p o l a r i z a t i o n ,  and t h a t  t he  
f e a t u r e s  can be simply i n t e r p r e t e d  t o  
y i e l d  information on the  s c a t t e r i n g  
material. 

The c i r c u l a r l y  po la r i zed  component 
of  s u n l i g h t  r e f l e c t e d  by p l a n e t s  has been 
measured and found t o  be very small(Kemp, 
e t  a l . ,  1971). The c h a r a c t e r i s t i c s  of  
t h e  c i r c u l a r  p o l a r i z a t i o n  are i n  agree- 
ment with t h e o r e t i c a l  expectat ions 
(Hansen, 1971a) : however, i n  many common 
s i t u a t i o n s  t h e  c i r c u l a r  p o l a r i z a t i o n  a- 
rises only v i a  t h e  process  of  mul t ip l e  
s c a t t e r i n g  which tends t o  ga rb le  poten- 
t i a l  information on t h e  s c a t t e r i n g  m a t -  
erials.  This l a t t e r  f a c t  t oge the r  w i th  
t h e  small value o f  t h e  circular p o l a r i -  
z a t i o n  and the  f a c t  t h a t  only a s m a l l  a- 
mount o f  t h e o r e t i c a l  work has been done 
on it i n d i c a t e s  t h a t  measurements of  t h e  
c i r c u l a r  p o l a r i z a t i o n  of  s c a t t e r e d  sun- 
l i g h t  are n o t  y e t  a candidate  f o r  space- 
craft  observat ions.  Therefore i n  the  
following p a r t s  o f  t h i s  appendix we w i l l  
be concerned p r imar i ly  with t h e  i n t e n s i -  
t y  and l i n e a r  p o l a r i z a t i o n .  

~~ 

'Although the eyes o f  humans are no t  
very s e n s i t i v e  t o  p o l a r i z a t i o n , t h o s e  of  
many animals and i n s e c t s  are .This  allows 
them t o  u s e  t h e  p o l a r i z a t i o n  of  s k y l i g h t  
as a very e f f e c t i v e  means o f  navigat ion.  
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Fig. 1. Paths  of l i g h t  rays  sca t t e red  by a sphere according t o  geometr ical  
o p t i c s  and d i f f r a c t i o n .  The 
t a b l e  on t h e  r i g h t  g ives  t h e  f r a c t i o n  of t h e  t o t a l  s c a t t e r e d  l i g h t  cont r ibu ted  by 
each va lue  of C f o r  nonabsorbing spheres wi th  r e f r a c t i v e  i n d i c e s  1.33 and 2.0. 

P i s  t h e  phase func t ion  and a t h e  s c a t t e r i n g  angle. 

2. EFFECT OF PARTICLE SIZE 

The manner i n  which s c a t t e r e d  l i g h t  
depends on t h e  na tu re  ( s i z e ,  shape and 
o p t i c a l  p rope r t i e s )  of t he  s c a t t e r i n g  
m a t e r i a l  can be understood q u a l i t a t i v e l y ,  
and i n  many cases  q u a n t i t a t i v e l y ,  i n  
terms of simple phys ica l  m o d e l s .  These 
models a r e  most u se fu l  for cases  i n  
which l i g h t  i s  s c a t t e r e d  independently 
by  t h e  d i f f e r e n t  p a r t i c l e s  composing a 
given m e d i u m ,  i.e. for s i t u a t i o n s  i n  
which t h e  p a r t i c l e s  a r e  s u f f i c i e n t l y  f a r  
from each other .  This  i s  t h e  case  f o r  
a l l  p lane tary  atmospheres (both f o r  gas  
molecules and haze and cloud p a r t i c l e s ) ,  
f o r  t h e  i n t e r p l a n e t a r y  medium and prob- 
ab ly  f o r  t h e  r i n g s  of Saturn.  

S c a t t e r i n g  by a p l ane ta ry  su r face  

t h a t  neighboring p a r t i c l e s  s c a t t e r  co- 
he ren t ly ,  so t h e  i n t e n s i t i e s  s c a t t e r e d  
by t h e  var ious  p a r t s  of  t h e  su r face  can 
n o t  be added without  regard t o  phase. 
Although m o s t  of t h e  concepts t h a t  we 
w i l l  d i s cuss  a r e  v a l i d  f o r  p a r t i c l e s  on 
a p l ane ta ry  su r face ,  a s  w e l l  a s  f o r  i n -  

methods for d e t a i l e d  t h e o r e t i c a l  m o d e l -  
i ng  of  l i g h t  s c a t t e r i n g  by a p l ane ta ry  
su r face  have no t  been developed. There- 
f o r e  t h e  i n t e r p r e t a t i o n  of observa t ions  
of p l ane ta ry  su r faces  must r e l y  i n  l a r g e  
p a r t  on comparisons t o  l abora to ry  d a t a ,  
and t h e  conclusions which can be der ived  
a r e  no t  a s  q u a n t i t a t i v e  a s  i n  t h e  case  
of s c a t t e r i n g  by independent p a r t i c l e s .  

Geometrical O p t i c s .  For l a r g e  

' involves  t h e  a d d i t i o n a l  complication 

* dependently s c a t t e r i n g  p a r t i c l e s ,  useCnl 

p a r t i c l e s  t h e  s c a t t e r i n g  can be under- 
s tood i n  terms of  t h e  coneepts of geo- 
m e t r i c a l  op t i c s .  In  t h i s  c a s e  t h e  
l i g h t  i nc iden t  on a p a r t i c l e  may be 
thought of a s  cons i s t ing  of  s epa ra t e  rays  

of  l i g h t  which pursue independent paths.  
For a p a r t i c l e  with a size w t  l e a s t  
s e v e r a l  t i m e s  t h e  wavelength it i s  
poss ib l e  t o  d i s t i n g u i s h  rays  s t r i k i n g  
va r ious  l o c a l  reg ions  on t h e  p a r t i c l e ' s  
s u r f  ace. 

Fig. 1 i l l u s t r a t e s  t h e  terminology 
used f o r  t h e  d i f f e r e n t  con t r ibu t ions  t o  
t h e  l i g h t  s c a t t e r e d  by a l a r g e  p a r t i c l e .  
The d i v i s i o n  of r ays  i n t o  these  d i f f e r e n t  
components is v a l i d  f o r  a l l  p a r t i c l e  
shapes,  though t h e  f r a c t i o n  of l i g h t  
which goes i n t o  t h e  d i f f e r e n t  cmponents  
has  some dependence on p a r t i c l e  shape. 

The l i g h t  r ays  which m i s s  t h e  
p a r t i c l e  ( C  = 0) a r e  p a r t i a l l y  d i f f r a c t e d  
i n t o  t h e  geometr ical  shadow of t h e  pa r t -  
icle. The amount o f  d i f f r a c t e d . l i g h t  i s  
equal  t o  t h e  amount s t r i k i n g  t h e  p a r t i c l e ,  
and hence f o r  nonabsorbing p a r t i c l e s  it 
c o n s t i t u t e s  e x a c t l y  h a l f  of t h e  s c a t t e r e d  
l i g h t .  This  f r a c t i o n  is independent of 
t h e  p a r t i c l e  shape and r e f r a c t i v e  index. 
The angular  d i s t r i b u t i o n  of t h e  d i f f r a c -  
ted l i g h t  does depend on t h e  p a r t i c l e  
shape. However, t h e  dependence i s  s l i g h t  
i f  t h e  p a r t i c l e s  a r e  randomly o r i en ted  
and it can be e a s i l y  computed for any 
p a r t i c l e  shape. The po la r i za t ion  of  
d i f f r a c t e d  l i g h t  is ze ro  i n  t h e  l i m i t  of 
l a r g e  p a r t i c l e s ,  except  f o r  t h e  f a c t  t h a t  
d i f f r a c t e d  l i g h t  can o p t i c a l l y  i n t e r f e r e  
wi th  l i g h t  which is  r e f l e c t e d  ( 4  = 1) and 
t r ansmi t t ed  ( C  = 2) by t h e  p a r t i c l e  (see 
Sec t ion  3) 

The i n t e n s i t y  and p o l a r i z a t i o n  of 
t h e  l i g h t  r e f l e c t e d  from t h e  ou t s ide  of 
t h e  p a r t i c l e  ( C  = 1) may be computed from 
F r e s n e l ' s  equat ions.  For a t r anspa ren t  
sphere t h e  e x t e r n a l l y  r e f l e c t e d  l i g h t  
makes up only a few percent  of t h e  t o t a l  
s c a t t e r e d  l i g h t ,  though t h e  f r a c t i o n  

A 3  
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Fig. 2. Schematic representa t ion  of Rayleigh s c a t t e r i n g .  The unpolarized wave 
i n c i d e n t  from the l e f t  can be represented by two l i n e a r l y  p o l a r i z  d wayes v i b r a t i n g  a t  
r i g h t  angles  t o  each o t h e r  wi th  equal  e lectr ic  f i e l d  s t r e n g t h s  (E' = E') and a random 
phase re la t ionship .  
t h e  e lectr ic  components of t h e  i n c i d e n t  wave, t h e i r  motion being equiva len t  t o  two 
o s c i l l a t i n g  d ipoles  whose axes a r e  represented by t h e  heavy arrow and dot .  The 
d i p o l e s ,  which do n o t  r a d i a t e  i n  t h e i r  d i r e c t i o n  of a c t i o n ,  g ive  rise t o  t h e  i n d i c a t e d  
s c a t t e r e d  f i e lds  and i n t e n s i t i e s .  

r The e l e c t r o n s  i n  a small  p a r t i c l e  w i l l  o s c i l f a t e  i n  response t o  

i n c r e a s e s  a s  t h e  r e f r a c t i v e  index in -  
c reases .  For randomly o r t e n t e d  convex 
non sphe r i ca 1 p a r t i c l e s  t h e  ex tern  a 1 
r e f l e c t i o n  makes up e x a c t l y  t h e  same 
f r a c t i o n  of t h e  s c a t t e r e d  l i g h t  a s  it 
does for spheres ,  and t h e  angular  
d i s t r i b u t i o n  and p o l a r i z a t i o n  of t h e  
r e f l e c t e d  l i g h t  a r e  t h e  same a s  they  a r e  
for  s p h e r i c a l  p a r t i c l e s .  

The rays  which a r e  r e f r a c t e d  t w i c e  
wi thout  any i n t e r n a l  r e f l e c t i o n s  (.t = 2) 
make up a l a r g e  f r a c t i o n  of t h e  s c a t t e r e d  
l i g h t  for t ransparent  o r  p a r t i a l l y  t rans-  
p a r e n t  spheres.  This  conclusion holds  
for nonspherical  p a r t i c l e s  a l s o ,  although 
t h e  e x a c t  f r a c t i o n  does depend on t h e  
p a r t i c l e  shape even i f  t h e  p a r t i c l e s  a r e  
randomly or iented.  

The l i g h t  which i s  i n t e r n a l l y  ref- 
lected i n  p a r t i c l e s  represents  only a f e w  
percent  of t h e  s c a t t e r e d  l i g h t .  The 
angular  d i s t r i b u t i o n  and p o l a r i z a t i o n  f o r  
t h e s e  r a y s  can be computed f o r  any p a r t -  
ic le  shape using S n e l l ' s  law and t h e  
Fresne l  r e f l e c t i o n  c o e f f i c i e n t s .  For 
spheres  t h e  .t = 3 and 8 = 4 terms give  
rise t o  t h e  primary and secondary ra in-  
bows. The i n t e n s i t y  of higher  t e r m s  i s  
n e g l i g i b l e .  

I n  Sect ion 3 computations f o r  s c a t -  
t e r i n g  by spheres a r e  made using geo- 
m e t r i c a l  o p t i c s  and t h e  r e s u l t s  a r e  

compared t o  e x a c t  computations f o r  f i n i t e  
spheres.  

Ravleiqh S c a t t e r i n q .  The case  of 
small  p a r t i c l e s  provides  t h e  s imples t  
s c a t t e r i n g  behavior ,  Rayleigh s c a t t e r i n g .  
The requi rement , for  Rayleigh s c a t t e r i n g  
i s  t h a t  t h e  p a r t i c l e  s i z e  be much less 
than t h e  wavelength both  i n s i d e  and out- 
s i d e  of  t h e  p a r t i c l e .  I n  t h i s  case  the 
i n c i d e n t  e lectromagnet ic  f i e l d s  a r e  uni- 
form throughout t h e  p a r t i c l e ,  which t h u s  
o s c i l l a t e s  a s  a simple d i p o l e  i n  response 
t o  t h e  i n c i d e n t  r a d i a t i o n  (Fig. 2). 

The s t r o n g  p o l a r i z a t i o n  for Rayleigh 
s c a t t e r i n g ,  i t s  simple dependence on 
s c a t t e r i n g  angle  and i t s  c h a r a c t e r i s t i c  
wavelength dependence cross-sect ion o r  
o p t i c a l  th ickness  Z X ) provide s u r e  
means f o r  s e p a r a t i n g  s c a t t e r i n g  due t o  
Rayleigh p a r t i c l e s  from t h a t  due t o  l a r g e  
p a r t i c l e s .  

-1 

Intermediate  p a r t i c l e  s i z e s .  The 
l i m i t i n g  c a s e s  of  geometr ical  o p t i c s  and 
Rayleigh s c a t t e r i n g  a r e  s u f f i c i e n t  t o  
d e s c r i b e  m o s t  of t h e  c h a r a c t e r i s t i c s  of 
l i g h t  s c a t t e r e d  by  p a r t i c l e s  of a l l  s i z e s .  
This  i s  i l l u s t r a t e d  i n  Fig. 3 which shows 
t h e  i n t e n s i t y  and p o l a r i z a t i o n  f o r  s i n g l e  
s c a t t e r i n g  by a s i z e  d i s t r i b u t i o n  of 
spheres  wi th  a r e a l  r e f r a c t i v e  index 
nr = 1.33. These a r e  contour  diagrams of 
t h e  i n t e n s i t y  and p o l a r i z a t i o n  a s  a 
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Fig. 3. Lower f igu re :  contour  diagram of the  percent  po la r i za t ion  f o r  s i n g l e  
s c a t t e r i n g  of unpolarized l i g h t  by a s i z e  d i s t r i b u t i o n  of spheres  wi th  r e f r a c t i v e  
index 1.33. The shaded a reas  i n d i c a t e  pos i t i ve  po la r i za t ion  (Ir>Ic) and t h e  unshaded 
i n d i c a t e  nega t ive  values .  The s ize  parameter i s  2na/X. a i s  the  e f f e c t i v e  mean 
r ad ius  and b t h e  e f f e c t i v e  var iance  f o r  the s i z e  d i s t r i b u t i o n ,  for which the  p a r t i c u l a r  
form was n ( r ) a r ( 1 - 3 b ) b  e - r / (ab) .  
contours  a r e  f o r  t h e  phase func t ion  (normalized in t ens i ty . )  

Upper f igu re :  t h e  same a s  below, except  t h a t  t h e  
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func t ion  of t h e  s c a t t e r i n g  angle ,  a ,  (or 
t h e  phase angle ,  180' - a) and as a 
func t ion  of t h e  mean s i z e  parameter f o r  
t h e  d i s t r i b u t i o n ,  2rra/X. where a is  the  
mean e f f e c t i v e  p a r t i c l e  s i z e .  I n  Sec. 3 

a s i z e  d i s t r i b u t i o n  can be accura te ly  
def ined by t h e  mean s i z e ,  a, and var iance,  
b, of t h e  d i s t r i b u t i o n ,  i.e., t h e  h igher  
moments of t h e  d i s t r i b u t i o n  are neglig- 
ible  i n  most cases. 

it is  il>dstrat& that the s c a t t e r i n g  3)' 

For s i z e  parameters near  ze ro  
Rayleigh s c a t t e r i n g  occurs wi th  i t s  
s t rong  c h a r a c t e r i s t i c  po la r i za t ion .  For 
t h e  l a r g e s t  s i z e  parameters t h e  f ea tu res  
a r e  e s s e n t i a l l y  those o f  geometr ical  
o p t i c s :  t h e  primary rainbow a t  a s c a t t e r -  
ing angle  a - 145', t he  second rainbow 
f o r  a - 120' (which is no t i cab le  i n  the 
p o l a r i z a t i o n  for x < 50, b u t  not  i n  t h e  
i n t e n s i t y )  and the  negat ively polar ized  
t w i c e  r e f r a c t e d  rays f o r  a 6 90'- 
c h a r a c t e r i s t i c s  of a l l  t h e  f ea tu res  a r e  
discussed i n  Sect ion 3 .  

The 

As t h e  s i z e  parameter decreases  t h e  
f e a t u r e s  of  geometrical  o p t i c s  become 
inc reas ing ly  b lur red  u n t i l  they a r e  
e s s e n t i a l l y  l o s t  f o r  s i z e  parameters 
x L 15. This i s  a s  expected s ince  x = 15 
corresponds t o  a r a t i o  of p a r t i c l e  diam- 
eter t o  wavelength of -5. Between x -15 
and t h e  reg ion  of d ipo le  (Rayleigh) 
s c a t t e r i n g  t h e  r e s u l t s  can be understood 
i n  t e r m s  of rad ia tbn  due t o  higher  mult- 
i p o l e  moments and su r face  waves. The 
manners i n  which these  f ea tu res  depend 
on t h e  r e f r a c t i v e  index and s i z e  dis-  
t r i b u t i o n  are i l l u s t r a t e d  and discussed 
i n  Sec t ion  3 .  

3 .  SINGLE SCATTERING 

The p rope r t i e s  of r a d i a t i o n  sca t -  
t e r e d  by i so t rop ic  homogeneous spheres  
can be obtained exac t ly  from c l a s s i c a l  
e lectromagnet ic  theory. The r e s u l t s  f o r  
a s i n g l e  sphere depend on the index of 
r e f r a c t i o n  of the sphere r e l a t i v e  t o  t h e  
surroun ing medium [nc = n r  - i n i n  w h e r e  

r ad ius  of t h e  sphere t o  t h e  wavelength 
of the inc iden t  r ad ia t ion  (x = 2 7 r / I ,  
where rZ; is t h e  p a r t i c l e  rad ius  and t h e  
wavelength).  For t h e s e  s p e c i a l  p a r t i c l e s  
t h e  p r o p e r t i e s  of r a d i a t i o n  s c a t t e r e d  i n  
an a r b i t r a r y  d i r ec t ion  depend addi t ion-  
a l l y  only on the  s c a t t e r i n g  angle,  a, and 
a r e  completely defined f o r  any polar iza-  
t i o n  s ta te  of the inc ident  l i g h t  by fou r  
func t ions  of nc, x and a, 
no ta t ion  of van de Hulst  (1957) t h e s e  
four  func t ions  a re  

;= (-1) e ] and upon t h e  r a t i o  of t h e  

Using t h e  

where A1 and A 2  a r e  the  complex s c a t t e r i n g  
amplitudes,  r e spec t ive ly  perpendicular  
and p a r a l l e l  t o  t h e  s c a t t e r i n g  p lane ,  and 
t h e  a s t e r i s k  i n d i c a t e s  t he  complex conju- 
ga te .  For a s i z e  d i s t r i b u t i o n  (polydis-  
pers ion)  of independent s c a t t e r e r s  t h e  
func t ions  MIP M2, S2land D21 a r e  obtained 
by simple add i t ion  of those  func t ions  f o r  
a l l  p a r t i c l e s  i n  t h e  d i s t r i b u t i o n ;  e.g., 

where n ( r )  i s  the s i z e  d i s t r i b u t i o n  of 
p a r t i c l e s  and r1 and r2 correspond t o  t h e  
smal les t  and l a r g e s t  p a r t i c l e s  present .  

For s c a t t e r i n g  problems t h e  m o s t  
p r a c t i c a l  r ep resen ta t ion  of  a beam of 
r a d i a t i o n  i s  i n  terms of i t s  Stokes para- 
meters I ,  Q ,  U and V. I i s  t h e  i n t e n s i t y  
of t h e  beam, Q and U determine t h e  l i n e a r  
po la r i za t ion  and V t h e  c i r c u l a r  po lar iza-  
t i on .  The f o u r  func t ions  i n  (1) uniquely 
def ine  t h e  s c a t t e r e d  r a d i a t i o n  i n  t e r m s  of 
t h e  Stokes parameters of t h e  inc iden t  
r ad ia t ion :  

It i s  convenient t o  f u r t h e r  de f ine  a nor- 
malized phase matr ix  by means of 

where t h e  cons tan t  c i s  determined by the  
condi t ion  t h a t  

$ P l l ( U )  d u1 = 1. 

4n 
(5) 

PI1(,) is  the  phase func t ion ,  or t h e  prob- 
a b i l i t y  for  s c a t t e r i n g  of unpolarized 
l i g h t  a t  t he  s c a t t e r i n g  angle a. The 
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s o m e t i m e s  r e f e r  t o  t h e  l a t t e r  a s  t h e  
'degree of p o l a r i z a t i o n '  o r  j u s t  t he  
' p o l a r i z a t i o n ' .  

R a y  o p t i c s  vs. M i e  s c a t t e r i n q .  The 
ray-tracing approach of geometr ical  
o p t i c s  provides  a phys ica l  explanat ion 
f o r  most of t h e  f ea tu res  which occur i n  
t h e  exac t  theory f o r  s c a t t e r i n g  by 
spheres  ( M i e  s c a t t e r i n g ) .  I n  t he  comp- 
u t a t i o n s  f o r  geometrical  o p t i c s  i l l u s -  
t r a t e d  i n  t h i s  sec t ion  the  con t r ibu t ions  
from rays  undergoing d i f f r a c t i o n  ( 4 ,  = 0 ) ,  
r e f l e c t i o n  ( t  = I), t w o  r e f r a c t i o n s  
( L  = 2) , e t c . ,  are  added wi thout  regard 
t o  phase. This  is  reasonable s ince  i n  
na tu re  t h e r e  i s  genera l ly  a s i z e  d i s t r i b -  
u t ion  of p a r t i c l e s  present  which tends  t o  
wash out  phase e f f e c t s .  W e  w i l l ,  however, 
a l s o  cons ider  the except ions i n  which 
f e a t u r e s  due t o  in t e r f e rence  between 
d i f f e r e n t  rays  a r e  no t iceable .  

Fig. 4 i l l u s t r a t e s  t h e  r e s u l t s  of 
computations f o r  both ray  o p t i c s  and M i e  
theory  f o r  two values  of t h e  r e f r a c t i v e  
index,  nr = 1.33 and 1.50. These comp- 
u t a t i o n s  a r e  f o r  t h e  p a r t i c u l a r  s i z e  
d i s t r i b u t i o n  

f o r  t h r e e  va lues  of xm, which is  t h e  
e f f e c t i v e  mean s i z e  parameter f o r  t he  
d i s t r i b u t i o n .  For the  purpose of comp- 
a r i n g  geometr ical  o p t i c s  and M i e  theory 
t h e  shape of t he  s i z e  d i s t r i b u t i o n  i s  
no t  e s s e n t i a l .  

In the  curves f o r  t he  phase func t ion  
( i n t e n s i t y )  t h e  concentrat ion of l i g h t  
near  t he  s c a t t e r i n g  angle  zero  degrees  
r ep resen t s  t h e  d i f f r a c t i o n  ( L  = 0)  which 
is unpolar ized,  The con t r ibu t ion  t o  the  
s c a t t e r e d  l i g h t  from t = 1 (ex te rna l  
r e f l e c t i o n )  does not  leave  any apparent 
f e a t u r e  on t h e  i n t e n s i t y ,  b u t  it i s  
s t rong ly  polar ized and g ives  rise t o  t h e  
broad p o s i t i v e  po la r i za t ion  f e a t u r e  f o r  
s c a t t e r i n g  angles  i n  t h e  range -80 - 120 
degrees.  The energy contained i n  the  
.t = 2 t e r m  ( twice r e f r a c t e d  rays)  i s  
concentrated i n  the  forward s c a t t e r i n g  
hemisphere and i s  nega t ive ly  po la r i zed ,  
a s  f o l l o w s  f r o m  F r e s n e l ' s  equat ions.  
The components involving i n t e r n a l  r e f -  
l e c t i o n s  ( ~ 2 3 )  contain only a few per- 
c e n t  of t h e  sca t t e red  l i g h t ,  however, 
they  g ive  rise t o  observable o p t i c a l  
phenomena which a r e  u se fu l  f o r  cloud 
p a r t i c l e  i d e n t i f i c a t i o n .  

'Rainbows' occur when t h e  s c a t t e r -  
i n g  angle  has  an extremum a s  a func- 
t i o n  of t h e  angle of incidence 7 on t h e  

sphere.  For example, f o r  n r  = 1.33 a s  
7 v a r i e s  from 90° ( c e n t r a l  incidence)  t o  
Oo (graz ing  inc idence ) ,  t h e  s c a t t e r i n g  
angle  f o r  rays  i n t e r n a l l y  r e f l e c t e d  once, 
computed using S n e l l ' s  law, decreases  
from 180° u n t i l  it reaches -138O ( t h e  
angle  of  'minimum d e v i a t i o n ' )  from which 
it then  inc reases  again.  The r e s u l t i n g  
concent ra t ion  of  energy a t  1380 and j u s t  
g r e a t e r  angles  i s  the primary rainbow. 

The minor f e a t u r e  on t h e  l a rge  
s c a t t e r i n g  angle  s i d e  of  t h e  primary 
rainbow is  the  f i r s t  "supernumerary bow",  
This  is  not  rendered by t h e  geometr ical  
o p t i c s  computations because it is an 
i n t e r f e r e n c e  fea ture .  A t  t hese  scatter- 
ing angles  t h e r e  a r e  & = 3 rays  s t r i k i n g  
two d i f f e r e n t  p a r t s  of t h e  sphere b u t  
emerging wi th  t h e  same s c a t t e r i n g  angle:  
t hese  rays  o p t i c a l l y  i n t e r f e r e  causing 
t h e  supernumerary bows. The number and 
s t r e n g t h  of t h e  supernumerary bows 
depends on t h e  shape of t h e  s i z e  d i s t r i b -  
u t ion ,  a s  discussed i n  t h e  following sub- 
sec t ion .  

The enhanced s c a t t e r i n g  i n  t h e  back- 
s c a t t e r i n g  d i r e c t i o n ,  a"18Oo,  i s  t h e  so- 
c a l l e d  glory.  This is  caused s p e c i f i c a l l y  
by t h e  s p h e r i c a l  shape o f  t h e  s c a t t e r e r s  
which serves  t o  focus p a r t  of t h e  scat-.. 
t e r e d  l i g h t  a t  ~"180~. More d e t a i l e d  
d iscuss ions  of t h e  g lory  a r e  given by 
van de Hulst  (1957), Fahlen and Bryant 
(1968) and Liou and Hansen (1971). 

Fig. 4 i l l u s t r a t e s  t h a t  t h e r e  is a 
c l o s e  q u a n t i t a t i v e  agreement between ray 
o p t i c s  and M i e  theory only i f  t h e  value 
of t h e  mean s i z e  parameter i s  a t  l e a s t  
s e v e r a l  hundred. However, most of  t h e  
f e a t u r e s  of  ray o p t i c s  remain v i s i b l e  t o  
a much smal le r  p a r t i c l e  s i z e ,  and indeed 
t h e i r  v a r i a t i o n s  wi th  decreasing s i z e  
parameter can be q u a l i t a t i v e l y  understood 
i n  terms of t h e  reduced v a l i d i t y  of  t h e  
l o c a l i z a t i o n  of  rays.  The decreasing 
s i ze  causes t h e  l i g h t  i n  t h e  ind iv idua l  
f e a t u r e s  t o  be b lu r red  over a wider range 
of angles  than  p red ic t ed  by ray o p t i c s ,  
and it usua l ly  a f f e c t s  h ighe r  values  o f  .I, 
f i r s t  because they have a more d e t a i l e d  
ray path wi th in  t h e  sphere.  Thus t h e  
secondary rainbow (4, = 4)  is q u i t e  smooth 
i n  t h e  i n t e n s i t y  f o r  % = 150, and i s  l o s t  
f o r  x,,, = 373 ,  whi le  t h e  primary rainbow 
('P = 3 )  is  s t i l l  e a s i l y  v i s i b l e  i n  bo th  
cases .  Because of  t h e  asymmetric shape 
of t h e  rainbows t h e  smoothing due t o  a 
f i n i t e  s i z e  parameter causes  t h e  peak of 
t h e  rainbow t o  move s l i g h t l y  a s  t h e  s i z e  
parameter decreases.  

Fig,  4 a l s o  i l l u s t r a t e s  t h a t  t h e  
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s i n g l e  s c a t t e r i n g  po la r i za t ion ,  compared 
t o  the i n t e n s i t y ,  conta ins  much s t ronger  
impr in t s  of most of t h e  f ea tu res  occur- 
ing  i n  the s c a t t e r e d  l i g h t .  Furthermore, 
f o r  t h e  po la r i za t ion  t h e s e  f ea tu res  
remain v i s i b l e  t o  much smaller  s i z e  
parameters. These conclusions hold f o r  
t h e  rainbows, t h e  supernumerary bows, the 
g lory ,  and t h e  e x t e r n a l  r e f l e c t i o n .  The 
s t r e n g t h  of t hese  f ea tu res  f o r  s i n g l e  
s c a t t e r i n g  i s  a major reason why t h e r e  is 
a h igh  information conten t  i n  po la r i za t ion  
observat ions.  The r e l a t i v e  usefu lness  of 
p o l a r i z a t i o n  i s  f u r t h e r  heightened by the  
f a c t  t h a t  there is much less tendency for  
mul t ip l e  s c a t t e r i n g  t o  wash out  such 
f e a t u r e s  i n  t h e  po la r i za t ion  than is the  
case  f o r  t h e  i n t e n s i t y  (Sect ion 4). 

E f f e c t  of s i z e  d i s t r i b u t i o n .  The 
c h a r a c t e r i s t i c s  of s c a t t e r e d  l i g h t ,  its 
i n t e n s i t y  and p o l a r i z a t i o n  i n  p a r t i c u l a r ,  
depend upon t h e  s i z e  d i s t r i b u t i o n  of  
p a r t i c l e s  a s  ind ica ted  by Equation (2) .  
I n  t h e  cases of i n t e r e s t  we do not  know 
t h i s  d i s t r i b u t i o n ,  and indeed, it is one 
of t h e  q u a n t i t i e s  which w e  would l i k e  t o  
ob ta in  from measurements of t h e  sca t t e red  
l i g h t .  
number of poss ib l e  s i z e  d i s t r i b u t i o n s  
some au thor s  have been uncer ta in  a s  t o  
how much unambiguous information can be 
ex t r ac t ed  from s c a t t e r e d  l i g h t .  Actually 
t h e  s i t u a t i o n  is much b r i g h t e r  than  it 
may appear a t  f i r s t  glance,  The sca t t e r -  
ing prope r t i e s  of most phys ica l ly  plaus- 
i b l e  s i z e  d i s t r i b u t i o n s  depend s i g n i f i -  
can t ly  on only a small  number of charac- 
t e r i s t i c s  of t h e  d i s t r i b u t i o n ,  e.g., on 
a measure of t h e  average p a r t i c l e  s i z e  
and t h e  width of t h e  d i s t r i b u t i o n ,  While 
it i s  thus  not f e a s i b l e  t o  ob ta in  t h e  
exac t  shape of t h e  s i z e  d i s t r i b u t i o n  from 
s c a t t e r e d  l i g h t  it i s  poss ib l e  t o  ex t r ac t  
t h e  major c h a r a c t e r i s t i c s  of t h e  s i z e  
d i s t r i b u t i o n ,  and, as a consequence, it 
is a l s o  poss ib l e  t o  ob ta in  o the r  prop- 
erties of t h e  s c a t t e r e r s .  

Since t h e r e  a r e  an i n f i n i t e  

Clear ly  t h e  f i r s t  parameter describ- 
ing a s i z e  d i s t r i b u t i o n  should be  some 
measure of t h e  mean s i ze .  Since most 
p a r t i c l e s  s c a t t e r  an amount of l i g h t  a t  
l e a s t  i n  proport ion t o  t h e i r  area it is 
l o g i c a l  t o  de f ine  a mean e f f e c t i v e  radius  
f o r  a s i z e  d i s t r i b u t i o n  a s  

r m  

which d i f f e r s  from t h e  simple mean radius  
only i n  t h e  f a c t  t h a t  t h e  p a r t i c l e  area 
is included a s  a weight f a c t o r  multiply- 
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ing n ( r ) .  For some p rope r t i e s  of  t h e  
s c a t t e r e d  l i g h t  <qff is  by i t s e l f  an 
adequate s p e c i f i c a t i o n  of the size 
d i s t r i b u t i o n .  However, higher  moments 
can sometimes be important,.  p a r t i c u l a r l y  
f o r  po lar iza t ion .  The e f f e c t i v e  var iance 
is defined a: 

P 

2 2  
(r-cDff) n r  n ( r ) d r  (8) - Am 

v =  e f  f 
<nL e f f  I n r 2 n ( r ) d r  

J o  

where t h e  f a c t o r  <rg2f i n  the denominator 
makes veff dimensionfess and a r e l a t i v e  
measure, Addit ional  moments of t h e  s i z e  
d i s t r i b u t i o n  may b e  def ined analogously,  
b u t  t h e r e  i s  l i t t l e  need of them i n  
p r a c t i c e  

Di f f e ren t  p a r t i c l e  s i z e  d i s t r i b u t i o n s  
having t h e  same values  of cq f f  and veff 
have s i m i l a r  s c a t t e r i n g  proper t ies .  Thus 
it is poss ib l e  t o  use  an a n a l y t i c  s i z e  
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Fig. 5. Comparison of measured 
cloud p a r t i c l e  s i z e  d i s t r i b u t i o n  (Diem, 
1948) t o  t h  a n a l y t i c a l  s i z e  d i s t r i b u t i o n  

a r e  t h e  e f f e c t i v e  mean rad ius  and t h e  
e f f e c t i v e  var iance  f o r  the  d i s t r i b u t i o n s .  

(91, n ( r ) = r  ?1-3b)/b e- r / (ab)  a and b 
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Fig.  6. Comparison of t h e  phase func t ion  and percent  po la r i za t ion  f o r  s i n g l e  
s c a t t e r i n g  by spheres f o r  t h e  s i z e  d i s t r i b u t i o n  shown i n  Fig.  5. FWC, AS and S 
represent  f a i r  weather cumulus, a l t o s t r a t u s  and s t r a t u s ,  r e spec t ive ly .  The phase 
func t ions  a r e  displaced with t h e  dashed l i n e s  i n d i c a t i n g  zero  po la r i za t ion .  

d i s t r i b u t i o n  t o  represent  a n a t u r a l  
d i s t r i b u t i o n .  A p a r t i c u l a r l y  convenient 
a n a l y t i c  d i s t r i b u t i o n  is 

( 1 - 3 b ) b  e-r/(ab) (9) n ( r )  = cons tan t  r 

which has  the property t h a t  

i.e., the t w o  parameters i n  t h e  d i s t r i b u -  
t i o n  are equal  t o  t h e  phys ica l  parameters 
which cha rac t e r i ze  the s c a t t e r i n g  by t h e  
s i z e  d i s t r i b u t i o n .  

Fig. 5 shows some measured s i z e  
d i s t r i b u t i o n s  for terrestrial  w a t e r  
c louds compared t o  the s tandard d i s t r i b u -  
t i o n  (9) w i t h  a and b s p e c i f i e d  by (10). 

In  Fig,  6 t h e  phase func t ion  and percent  
p o l a r i z a t i o n  are p l o t t e d  f o r  bo th  t h e  
observed and a n a l y t i c  d i s t r i b u t i o n s .  The 
l a t t e r  f i g u r e  is a t y p i c a l  example of 
d i f f e rences  i n  the s c a t t e r i n g  which occur 
f o r  d i s t r i b u t i o n s  wi th  t h e  same <rigff and 
V e f f .  
s t r a t u s  cloud i n  which t h e  observed d i s t -  
r i b u t i o n  i s  bimodal w i th  each mode cont- 
r i b u t i n g  approximately an equal  amount t o  
the s c a t t e r e d  l i g h t .  However, even i n  
t h i s  case t h e  only s i g n i f i c a n t  d i f f e rence  
i n  t h e  s c a t t e r i n g  i s  f o r  ~t-160~; th i s  is 
a reg ion  of o p t i c a l  i n t e r f e r e n c e  and hence 
t h e  r e s u l t s  are p a r t i c u l a r l y  s e n s i t i v e  t o  
t h e  shape of t h e  s i z e  d i s t r i b u t i o n .  

The d i f f e rences  are l a r g e s t  f o r  t h e  

Since t w o  parameters are s u f f i c i e n t  
t o  adequately de f ine  most s i z e  d i s t r ibu -  
t i o n s  it i s  poss ib l e  t o  i l l u s t r a t e  i n  a 
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The shaded areas 
ind ica t e  p o s i t i v e  po- 
l a r i z a t i o n  (121,) 
and the  unshaded ar- 
eas  ind ica t e  negat ive 
values .  

The s i z e  parameter 
i s  2 n a / ~ .  

a is the  e f f e c t i v e  
mean rad ius  and b is  
the  e f f e c t i v e  var iance 
f o r  t he  s i z e  d i s t r i b u -  
t i o n ,  f o r  which t h e  
p a r t i c u l a r  form was 
n (r) =r (1-3b) /b e-r/ab. 
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s m a l l  number of diagrams t h e  effect of 
t h e  s i ze  d i s t r i b u t i o n  on t h e  s c a t t e r e d  
l i g h t .  Fig. 7 shows contour diagrams of 
t h e  p o l a r i z a t i o n  f o r  a s i z e  d i s t r i b u t i o n  
of spheres,  as a func t ion  of s c a t t e r i n g  
angle  on t h e  h o r i z o n t a l  a x i s  and as a 
func t ion  of mean e f f e c t i v e  s i z e  parameter, 
2 n a / ~ ,  on t h e  v e r t i c a l  ax is .  These 
r e s u l t s  are for  t h e  s tandard  s i z e  d i s t -  
r i b u t i o n  (9) with the three p a r t s  of the 
f i g u r e  corresponding t o  d i f f e r e n t  
va lues  of b, b u t  a l l  f o r  t h e  same 
r e f r a c t i v e  index, nr = 1.44. 
est va lue  of  b, .05 ,  w a s  s e l e c t e d  t o  
o b t a i n  a narrower d i s t r i b u t i o n  than is 
u s u a l l y  found f o r  n a t u r a l l y  occurr ing 
te r res t r ia l  cloud or haze p a r t i c l e s .  
The o t h e r  extreme value of  b corresponds 
t o  a broad d i s t r i b u t i o n  by terrestr ia l  
s tandards  (Sections 5 and 6 ) .  N o t e  t ha t  
t h e  r e s u l t s  for  t h e  broader  d i s t r i b u t i o n s  
can be a n t i c i p a t e d  from those  f o r  the 
narrowest d i s t r i b u t i o n ,  because they are 
e s s e n t i a l l y  weighted averages along 
ver t ical  l i n e s ,  

The small- 

It is u s e f u l  t o  understand t h e  
f e a t u r e s  i n  t h e s e  contour diagrams, The 
s t e e p  p o s i t i v e  p o l a r i z a t i o n  r i d g e  for  
s c a t t e r i n g  angles  -140 - 170° i s  of  course 
t h e  primary rainbow. 
m e t e r  decreases  the  rainbow becomes 
smoother and s i n k s . i n t o  t h e  negat ive 
p o l a r i z a t i o n  a t  2na/~-10, where t h e  
concepts of geometr ical  o p t i c s  have l o s t  
their  v a l i d i t y .  Broadening the s i z e  
d i s t r i b u t i o n  smooths the rainbow a t  i t s  
s m a l l  s i z e  parameter extremity,  because 
only i n  t ha t  region is t h e  rainbow 
s i g n i f i c a n t l y  s i z e  dependent. 

As the s i z e  para- 

The p o s i t i v e  f e a t u r e  f o r  s c a t t e r i n g  
angles  -90-130° is t h e  second rainbow, 
which, a s  expected, is broader  than the  
primary rainbow and disappears  a t  a some- 
what l a r g e r  s i z e  parameter. The second 
rainbow a l s o  has l i t t l e  dependence on t h e  
width of  t h e  s i z e  d i s t r i b u t i o n .  

For  s c a t t e r i n g  angles  smal le r  than 
those  of  t h e  second rainbow the  polar iza-  
t i o n  is e s s e n t i a l l y  t h a t  of  t h e  t w i c e  
r e f r a c t e d  rays  ( 1 = 2 ) .  However f o r  a-5-25O 
t h e  e x t e r n a l  r e f l e c t i o n  (t=l) wins o u t  
over  C=2 and gives  rise t o  the  p o s i t i v e  
p o l a r i z a t i o n  peninsula. This peninsula 
is  connected t o  an i s l a n d  a t  2rra/~-lO 
f o r  t he  c a s e  of the narrow d i s t r i b u t i o n  
(b=.05).  Obviously t h i s  i s l a n d  must be 
washed away f o r  a broad d i s t r i b u t i o n ,  and 
t h i s  is  demonstrated i n  Fig.  7. This 
p a r t i c u l a r  fea ture  i s  d u e  t o  o p t i c a l  in- 
t e r f e r e n c e  between rays passing through 

t h e  p a r t i c l e s  and those  passing o u t s i d e  
of it. Van de  m l s t  (1957) refers t o  A 

t h i s  i n t e r f e r e n c e  a s  'anomalous d i f f r a c -  
t i o n ' .  This f e a t u r e  can be observed i n  
t h e  p o l a r i z a t i o n  of s u n l i g h t  r e f l e c t e d  by 
Venus and it has been mapped i n  d e t a i l  
f o r  Venus (Sect ion 6 ) .  

For  t h e  s m a l l e s t  s i z e s  t h e  p o s i t i v e  
p o l a r i z a t i o n  is Rayleigh s c a t t e r i n g  o r  
d i p o l e  r a d i a t i o n  (Sect ion 2 b ) .  The 
s c a t t e r e d  r a d i a t i o n  f i e l d  can i n  genera l  
be expanded i n  a series i n  which t h e  
success ive  terms correspond t o  the  radia-  
t i o n  a r i s i n g  from the  d i f f e r e n t  mul t ipo le  
moments induced i n  t h e  p a r t i c l e  by t h e  
i n c i d e n t  e lectromagnet ic  wave. The t o t a l  
number of terms requi red  i n  t h i s  expan- 
s i o n  is -2rra/X, wi th  a minimum of one. 
Thus for  2rra/X<<l t h e  f irst  term, repre- 
s e n t i n g  t h e  d i p o l e  r a d i a t i o n ,  is s u f f i -  
c i e n t .  The number of  terms required can 
be understood wi th  t h e  h e l p  of t h e  ' l o c a l -  
i z a t i o n  p r i n c i p l e '  (van de Hulst ,  1957; 
Bryant and Cox, 1966) which s t a t e s  t h a t  a 
term of o r d e r  n i n  t h e  mult ipole  expan- 
s i o n  of  t h e  s c a t t e r e d  r a d i a t i o n  cor res -  
ponds t o  a r a y  passing t h e  c e n t e r  of t he  
sphere a t  a d i s t a n c e  nX/2n. (The b a s i s  
f o r  t h i s  p r i n c i p l e  is t h e  same a s  i n  
p a r t i a  1-wave ana l y s i s  i n  quantum theory: 
t h e  n t h  term is a s s o c i a t e d  wi th  an o r b i t a l  
angular  momentum h/X a t  an impact para- 
meter nh/2n.) Thus t h e  series converges 
s h o r t l y  a f t e r  n exceeds 2na/X, because 
higher  terms correspond t o  rays  which do 
n o t  pass through t h e  sphere.  

If  t h e  c o n t r i b u t i o n s  of t h e  s u c c e s -  
s i v e  terms i n  the  mul t ipc i l e  expansion a r e  
added one a t  a t i m e  t o  form contour d ia -  
grams of t h e  type i n  Fig.  7, only t h e  
d i p o l e  term (n= l )  i n d i v i d u a l l y  c o n t r i -  
bu tes  a f e a t u r e  which i s  still  r e a d i l y  
apparent a f t e r  t h e  sum i s  taken over 
a l l  terms. The quadrupole term 
moves t h e  boundary between p o s i t i v e  and 
negat ive  p o l a r i z a t i o n  toward l a r g e r  s i z e  
parameters f o r  sma 11 s c a t t e r i n g  angles  ; 
it a l s o  is  pr imar i ly  respons ib le  f o r  t h e  
p o s i t i v e  f e a t u r e  a t  x-3 and ~-110~. The 
negat ive  f e a t u r e s  f o r  2na/X-4-8 a r i s e  a s  
t h e  combined r e s u l t  of a f e w  terms wi th  
n-2na/l and j u s t  smal le r  va lues  of n. 
For l a r g e r  s i z e  parameters t h e  sharp 
f e a t u r e  i n  t h e  p o l a r i z a t i o n  f o r  a-180°, 
c a l l e d  t h e  ' g l o r y ' ,  a l s o  a r i s e s  from t h e  
few t e r m s  wi th  n-2na/h. This  f e a t u r e  can 
thus  be a s s o c i a t e d  wi th  edge (grazing) 
rays  which set up s u r f a c e  waves on t h e  
sphere (Kerker, 1969; van de Huls t ,  1957; 
Bryant and COX, 1966).  The sur face  waves 
r e r a d i a t e  i n  a l l  d i r e c t i o n s ,  b u t ,  because 
t h e r e  a r e  f o c a l  p o i n t s  i n  t h e  d i r e c t i o n s  
a=O and 180°, t h e  energy i s  concentrated 
i n  t h e  forward and backward d i r e c t i o n s .  
For  a=Oo t h e  e f f e c t  i s  drowned i n  t h e  

1 2  



Scatterina Anale 

Phase Angle 

Scatterinq Angle 
180 160 140 120 100 

50 

40 

L 

2 30 
E 
L ~ 

0 a 
E 20 
VI 

IO 

50 

40 

L 

2 30 
E 
: 
a 

20 
.- 
v) 

IO 

80 60 40 20 0 

0 
0 20 

180 160 

I60 180 40 60 80 100 120 I40 
Phase Angle 

Scartering Angle 

140 I20 100 80 60 40 20 0 

Fig. 8. Contour 
diagrams of t h e  per- 
c e n t  po la r i za t ion  f o r  
s i n g l e  s c a t t e r i n g  of 
unpolarized l i g h t  by 
a s i z e  d i s t r i b u t i o n  
of  spheres.  

The shaded a reas  
i n d i c a t e  p o s i t i v e  po- 
l a r i z a t i o n  (I, > It) 
and the  unshaded a r -  
ea s  i n d i c a t e  negat ive 
values.  

The size parameter 
is Zna/a. 

a i s  the  e f f e c t i v e  
mean rad ius  and b=.05 
the  e f f e c t i v e  var iance  
f o r  t h e  s i z e  d i s t r i b u -  
t i o n ,  f o r  which t h e  
p a r t i c u l a r  form was 
n (r)  =r (1-3b) /b e-r/ab. 

A comparison of  
t h e  th ree  diagrams il- 
l u s t r a t e s  t h e  e f f e c t  
of t h e  r e f r a c t i v e  in-  
dex on t h e  polar iza-  
t i on .  

0 20 40 60 80 100 120 I40 160 180 
Phase Anqle 

A13 



much s t r o n g e r  d i f f r a c t e d  l i g h t ,  b u t  fo r  
a=180° i t  is e a s i l y  visible.  

E f f e c t  of r e f r a c t i v e  index. The 
v a r i a t i o n  of  t h e  p o l a r i z a t i o n  wi th  r e f r a c -  
t i v e  index i s  i l l u s t r a t e d  i n  Fig. 8. The 
primary changes which occur i n  t h e  d i f f e r -  
e n t  f e a t u r e s  can be understood on t h e  b a s i s  
of  t h e  phys ica l  o r i g i n  of  t h e  f e a t u r e s .  
The l o c a t i o n  of  the rainbows moves i n  
accordance wi th  S n e l l ' s  law and geometr ical  
o p t i c s .  The r e l a t i v e  c o n t r i b u t i o n  f r o m  
Fresne l  r e f l e c t i o n  increases .  The i s l a n d  
due t o  anomalous d i f f r a c t i o n  moves t o  a 
smal le r  s i z e  parameter a s  nr i n c r e a s e s ,  
because of t h e  reduced r a t i o  of t h e  wave- 
l e n g t h  of  r a y s  ins ide  t h e  p a r t i c l e  t o  t h e  
wavelength of t h e  rays  o u t s i d e  t h e  p a r t i c l e .  

I n  t h e  case of s p h e r i c a l  p a r t i c l e s  
t h e  v a r i a t i o n s  of t h e  p o l a r i z a t i o n  wi th  
r e f r a c t i v e  index can r e a d i l y  be used t o  
e s t a b l i s h  t h e  r e f r a c t i v e  index of  t h e  par- 
t ic les .  An example of t h i s  f o r  t h e  clouds 
of  Venus i s  given i n  Sect ion 6. 

Nonspherical p a r t i c l e s .  I n  t h e  pre- 
ceeding s e c t i o n s  w e  mentioned d i f f e r e n c e s  
and s i m i l a r i t i e s  i n  the  s c a t t e r i n g  behavior 
of  s p h e r i c a l  and nonspherical  p a r t i c l e s  
which a r e  pred ic tab le  on t h e o r e t i c a l  grounds. 
Accurate numerical r e s u l t s  f o r  nonspherical  
p a r t i c l e s  have been obtained f o r  on ly  a f e w  
s p e c i f i c  shapes. However, l abora tory  and 
f i e l d  measurements a r e  a v a i l a b l e  i n  sever- 
a l  d i f f e r e n t  cases ,  and the  prospects  a r e  
good f o r  obtaining improved l a b o r a t o r y  
d a t a  i n  t h e  near  f u t u r e .  

The e f f e c t  of nonspherical  shapes on 
s c a t t e r e d  l i g h t  depends on the  s i z e  of 
t h e  p a r t i c l e s .  For p a r t i c l e s  which a r e  
much smal le r  than t h e  wavelength and made 
of i s o t r o p i c  mater ia l  nonspher ic i ty  
causes  devia t ions  f r o m  p e r f e c t  Rayleigh 
s c a t t e r i n g  and these d e v i a t i o n s  a r e  
s i m i l a r  t o  those which occur f o r  spher ica l  
a n i s o t r o p i c  p a r t i c l e s .  However, f o r  t h e  
wavelength range of p o t e n t i a l  i n t e r e s t  
f o r  an MJS photopolarimeter t h e  only  de- 
v i a t i o n s  from i s o t r o p i c  Rayleigh s c a t -  
t e r i n g  of relevance a r e  those due t o  
a n i s o t r o p i c  g a s  molecules: and i n  t h i s  
c a s e  t h e  e f f e c t  of t h e  reduced polar iza-  
t i o n  f o r  an iso t ropic  molecules i s  near ly  
cance l led  by the  increased cross -sec t ion  
of such p a r t i c l e s .  The r a d i a t i o n  s c a t -  
t e r e d  from any s ize  o r  shape of  p a r t i c l e  
a r i s e s  from o s c i l l a t i o n s  of t h e  e l e c t r o n s  
i n  t h e  p a r t i c l e  exc i ted  by t h e  i n c i d e n t  
wave. Thus t h e  r a d i a t i o n  descr ibed a s  
t h a t  from a s e r i e s  of mul t ipo les  can be 
imagined t o  have i t s  o r i g i n  i n  t h e  den- 
s i t y  d i s t r i b u t i o n  of o s c i l l a t i n g  d ipoles .  
It i s  t h e r e f o r e  c l e a r  t h a t  f o r  p a r t i c l e  
s i z e s  comparable t o  t h e  wavelength d i f -  
fe rences  i n  t h e  s c a t t e r i n g  for  spheres  
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and nonspheres w i l l  occur.  These 
d i f f e r e n c e s  a r e  d i f f i c u l t  t o  p r e d i c t  f o r  
p a r t i c l e s  wi th  r - A  o t h e r  than through 
a c c u r a t e  computations. However, f o r  X>,5 
t h e  e f f e c t s  due t o  s u r f a c e  waves must be 
modified f o r  nonspherical  p a r t i c l e s ,  and 
i n  p a r t i c u l a r  t h e  f e a t u r e s  a r i s i n g  from 
t h e  focusing of energy i n  t h e  backsca t te red  
d i r e c t i o n  should tend t o  disappear  a s  t h e  
p a r t i c l e  shape d e v i a t e s  i n c r e a s i n g l y  from 
s p h e r i c a l .  For p a r t i c l e s  much l a r g e r  than 
t h e  wavelength major d i f f e r e n c e s  between 
t h e  r e s u l t s  f o r  s p h e r i c a l  and nonspherical  
p a r t i c l e s  e x i s t .  The absence of a g l o r y  
for  c y l i n d r i c a l  p a r t i c l e s  has been 
demonstrated wi th  e x a c t  computations (Liou, 
1972 a , b ) .  As w e  i n d i c a t e d  above o t h e r  
f e a t u r e s  a l s o  depend s p e c i f i c a l l y  on t h e  
s p h e r i c a l  shape, e.g,  t h e  rainbows and 
t h e  i s l a n d  i n  the  p o l a r i z a t i o n  due t o  
anomalous d i f f r a c t i o n .  This i s  v e r i f i e d  
by labora tory  and f i e l d  observat ions 
(Sect ion 5) and t h e o r e t i c a l  work. 

I n f i n i t e l y  long c i r c u l a r  c y l i n d e r s  
a r e  t h e  nonspherical  p a r t i c l e s  which have 
been s t u d i e d  numerically i n  g r e a t e s t  
d e t a i l  ( e .g . ,  Kerker,  1969; Liou, 1972 a , b ) .  
For l i g h t  i n c i d e n t  perpendicular  t o  the  
a x i s  of such cy l inders  t h e  c ross -sec t ion  
of  t h e  p a r t i c l e s  i s  c i r c u l a r  and i n  the  
l i m i t  of geometr ical  o p t i c s  t h e  p o l a r i z a t i o n  
i s  t h e  same a s  f o r  spheres .  For obl ique 
incidence t h e  rainbows a r e  d i s t o r t e d  i n  
p o s i t i o n  and magnitude. The g l o r y  i s  
absent  f o r  any p a r t i c l e  o r i e n t a t i o n .  
C i r c u l a r  c y l i n d e r s  do not  represent  a 
p a r t i c l e  form which i s  l i k e l y  t o  be 
encountered very o f t e n  i n  p lane tary  
atmospheres, b u t  t h e  c a l c u l a t i o n s  f o r  such 
p a r t i c l e s  do h e l p  t o  provide an under- 
s tanding  of v a r i a t i o n s  i n  the  s c a t t e r i n g  
which occur wi th  changes i n  t h e  p a r t i c l e  
shape. 

Calcu la t ions  have also been made f o r  
i n f i n i t e l y  long hexagonal cy l inders  i n  
t h e  l i m i t  of  geometr ical  o p t i c s  (e.g., 
Jacobowitz, 1971).  These a r e  r e l e v a n t  t o  
t h e  needle  c r y s t a l s  which o f t e n  predom- 
i n a t e  i n  c i r r u s  clouds.  The computations 
for t h i s  case i l l u s t r a t e  t h e  absence of  
rainbows f o r  p a r t i c l e s  which do n o t  have 
a c i r c u l a r  c ross -sec t ion .  However, f o r  
hexagonal i ce  c r y s t a l s  a new f e a t u r e  
appears  i n  the  s c a t t e r e d  l i g h t :  
t h e r e  is  a concentrat ion of l i g h t  due t o  
t h e  Z = 2 ( t w i c e  r e f r a c t e d )  rays .  This 
' h a l o ' ,  l i k e  t h e  rainbow for spheres ,  
occurs a t  an angle  of minimum devia t ion .  
I t s  l o c a t i o n  depends on the  prism angle  
( i n  t h i s  case  60°) and on the  r e f r a c t i v e  
index. Fea tures  of  t h i s  type can be 
u s e f u l  f o r  p a r t i c l e  i d e n t i f i c a t i o n  i n  
s i t u a t i o n s  i n  which t h e r e  a r e  a small  
number of  suspected compositions f o r  which 
t h e  r e f r a c t i v e  index and c r y s t a l  h a b i t  can 
be obta ined  i n  t h e  labora tory .  
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Theoretical computations have a l s o  
been made for p a r t i c l e s  o f  a number of 
o t h e r  shapes ( including spheroids  
(Greenberg, e t  a l . ,  1961) ,  e l l i p t i c a l  
cy l inde r s  (Yeh, 1964) and seve ra l  
d i f f e r e n t  shapes of t o t a l l y  r e f l e c t i n g  
p a r t i c l e s .  Furthermore, numerical 
methods are a v a i l a b l e  (e.g., Kerker, 1969) 
which can be app l i ed  t o  p a r t i c l e s  of 
almost any shape, and with modern COm- 
p u t e r s  these may prove t o  be usefu l .  

Laboratory measurements have pro- 
vided a powerful means f o r  s tudying the 
s c a t t e r i n g  p r o p e r t i e s  of  nonspherical  
p a r t i c l e s .  Lyot (1929), using a v i s u a l  
po lar imeter ,  was t h e  first t o  ob ta in  
accu ra t e  measurements of t h e  polar iza-  
t i o n  p r o p e r t i e s  as a func t ion  of  scatter- 
ing  angle .  M o r e  r ecen t ly  P r i t cha rd  and 
E l l i o t  (1960) and Holland and Gagne (1970) 
have used photometric methods t o  measure 
a l l  of t h e  s i g n i f i c a n t  phase matrix ele- 
ments f o r  a f e w  d i f f e r e n t  types of pa r t -  
icles. Greenberg, e t  a1.(1961) have em- 
ployed microwave analog techniques,  wi th  
bo th  t h e  p a r t i c l e  s i z e  and wavelength i n  
t h e  microwave region,  t o  i n v e s t i g a t e  t h e  
effects of nonspherical  p a r t i c l e s .  HOW- 
eve r ,  it has r e c e n t l y  been demonstrated 
t h a t  lasers can be used t o  accu ra t e ly  
measure t h e  phase matr ix  f o r  s i n g l e  
s c a t t e r i n g  by s p h e r i c a l  and nonspherical  
p a r t i c l e s  (Blau, e t  a l .  ,19701, and it is  
l i k e l y  t h a t  t h i s  t e c h i q u e  w i l l  be wide- 
l y  used i n  t h e  f u t u r e  f o r  i nves t iga t ing  
nonspherical  p a r t i c l e s .  

Since t h e r e  are so many d i f f e r e n t  
poss ib l e  nonspherical  p a r t i c l e s  it is 
reasonable  t o  ask what we can be confi-  
den t  of  l ea rn ing  from measurements of  
s c a t t e r e d  l i g h t  f o r  cases i n  which the  
p a r t i c l e s  may be of  any shape. I f  ob- 
s e rva t ions  are made over a wide range of 
s c a t t e r i n g  angles  it w i l l  c e r t a i n l y  be 
poss ib l e  to d i s t i n g u i s h  s p h e r i c a l  pa r t -  
icles from nonspher ica l  ones. This i s  
i n  itself a s i g n i f i c a n t  conclusion which 
i s  i n d i c a t i v e  of  t he  phase ( l i q u i d  o r  
s o l i d )  o f  t h e  p a r t i c l e s .  Of course i f  
t h e  p a r t i c l e s  are s p h e r i c a l  more d e t a i l s  
on t h e i r  micros t ruc ture  can be ext rac ted ,  
and some p o s s i b i l i t i e s  f o r  a d d i t i o n a l  in- 
formation e x i s t  f o r  nonspherical  pa r t -  
icles of a r e g u l a r  shape. I f  t h e  pa r t -  
icles are i r r e g u l a r  i n  shape it w i l l  
s t i l l  be poss ib l e  t o  determine whether 
t h e  p a r t i c l e  s i z e  i s  comparable t o  o r  
much l a r g e r  than the  wavelength from the 
dependence o r  independence of  t he  cloud 
p a r t i c l e  p o l a r i z a t i o n  on wavelength. * 

Regardless  o f  t h e  p a r t i c l e  shape 
t h e  p o l a r i z a t i o n  can be used t o  separa te  

t h e  s c a t t e r i n g  by gas  molecules from t h a t  
due t o  cloud p a r t i c l e s .  The simple form 
of the  p o l a r i z a t i o n  for Rayleigh scatter- 
ing as a func t ion  of s c a t t e r i n g  angle  
allows it t o  be d is t inguished  from the  
cloud s c a t t e r i n g .  The s t rong  wavelength 
dependence o f  t h e  c ross -sec t ion  (or  
o p t i c a l  th ickness)  f o r  Rayleigh scatter- 
ing (E toge ther  wi th  t h e  broad 
wavelength i n t e r v a l  of t h e  photo- 
po lar imeter  proposed f o r  MJS, would allow 
t h e  measurement of t h e  number of p a r t i -  
cles i n  a v e r t i c a l  column above the cloud 
for a range corresponding to cloudtop 
pressures  o f  -1- t o  -1atm. The derived 
gas  amount refers to  only gas  above t h e  
clouds i f  t he  mean-free-path i n  t h e  cloud- 
tops  i s  s u f f i c i e n t l y  smal l ,  as is the 
case for terrestrial clouds.  I n  t h e  case 
o f  a d i f f u s e  haze the  der ived amount 
refers a l s o  t o  gas  mixed wi th  t h e  haze i n  
the  region where the  first f e w  scatter- 
ings  occur (Sect ion 4 ) .  and thus the  de- 
r ived  pressure  l e v e l  does not  refer t o  a 
sharp  top  of  t h e  p a r t i c u l a t e  region of 
t h e  atmosphere. This does n o t  r ep resen t  
a problem, however, and indeed t h e  dis-  
t i n c t i o n  between a d i f f u s e  haze,  dense 
cloud o r  some in termedia te  case is a val-  
uable  one which can be obtained from t h e  
po la r i za t ion .  The p o s s i b i l i t y  of doing 
t h i s  can be e a s i l y  understood because as 
t h e  zen i th  angle  o f  observa t ion  increases  
from Oo ( i - e . ,  normal t o  t h e  p l a n e t ' s  
surface) toward 90° t h e  con t r ibu t ion  t o  
t h e  p o l a r i z a t i o n  from Rayleigh s c a t t e r i n g  
increases  drazzat ical ly  i n  t h e  case of gas 
above a cloud deck, while  t h e  r e l a t i v e  
con t r ibu t ion  of gas  and p a r t i c u l a t e s  
remains e s s e n t i a l l y  cons tan t  i n  the  case 
of  a d i f f u s e  haze. 

Wavelength dependence of  the polar-  
i z a t i o n  due t o  v a r i a t i o n s  o f  t h e  r e f r a c t -  
i v e  index (nr)  o r  t h e  p a r t i c u l a t e  ab- 
so rp t ion  (n i )  must a l s o  be considered. 
However i n  m o s t  cases  these  w i l l  be 
e i t h e r  s m a l l  o r  e a s i l y  accounted f o r .  
The g r e a t  major i ty  o f  materials have a 
normal d i spe r s ion  f o r  nr i n  the  wave- 
l eng th  range of  i n t e r e s t ,  and moreover 
t h e  e f f e c t s  o f  a smoothly varying nr can 
o f t e n  be de tec ted .  Var ia t ions  of  n .  can 
cause l a r g e  changes i n  t h e  albedo,  h u t  
t h e  major e f f e c t  i n  on t h e  t o t a l  i n t e n s i t y ,  
I, not  t h e  i n t e n s i t y  of po la r i zed  l i g h t ,  
Ip; thus the  degree of  p o l a r i z a t i o n , I p / I ,  
is a f f e c t e d  i n  a simple way. Changes i n  
t h e  albedo can the re fo re  be accounted f o r  
if photometric measurements are included. 
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Fig.  9. I n t e n s i t y  and percent  p o l a r i z a t i o n  (-100 Q / I )  of  s u n l i g h t  r e f l e c t e d  by a 
p l ane -pa ra l l e l  water cloud wi th  the  sun overhead (9, = Oo) . 
and r e s u l t s  a r e  shown f o r  s e v e r a l  o p t i c a l  th icknesses ,  
t h e  zen i th  angle  of t he  r e f l e c t e d  l i g h t ,  9 = c 0 s - l ~ .  
d i s t r i b u t i o n  (9)  with a = 6 p  and b = 1/9. 

The wavelength is  2 . 2 5 ~  
On the  h o r i z o n t a l  axis is T. 

The c a l c u l a t i o n s  a r e  f o r  t h e  s i z e  

4. MULTIPLE SCATTERING 

It has  been demonstrated t h a t  s i n g l e  
s c a t t e r e d  r ad ia t ion  carries a d e t a i l e d  
s i g n a t u r e . o f  the scatterers. Thus a 
l a r g e  amount of information on atmospheres, 
s u r f a c e s  and in t e rp l ane ta ry  p a r t i c l e s  can 
p o t e n t i a l l y  be obtained from measurements 
of s c a t t e r e d  rad ia t ion .  Indeed, even f o r  
i n  s i t u  atmospheric measurements of  cloud 
and haze p a r t i c l e s  it is  d i f f i c u l t  t o  
f i n d  more r e l i a b l e  means f o r  analyzing 
t h e  na tu re  of  t h e  p a r t i c l e s  than through 
measurements of s i n g l e  s c a t t e r e d  l i g h t  
(as is done wi th  a nephelometer). 

However, i n  most of t h e  cases of re- . .  . _  _ .  . . 

photons have t r ave led .  I n  e i t h e r  case t o  
i n t e r p r e t  t h e  observa t ions  it is necessary 
t o  be able t o  model t h e  mul t ip l e  scatter- 
ing process .  Mul t ip le  s c a t t e r i n g  comp- 
u t a t i o n s  are also necessary before  
observa t ions  a r e  made i n  order  t o  f i n d  
t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  which best 
su rv ive  t h e  mul t ip l e  s c a t t e r i n g .  

There a r e  a number of d i f f e r e n t  ways 
of computing t h e  mul t ip l e  s c a t t e r i n g  of 
l i g h t ,  some including t h e  e f f e c t s  of 
po la r i za t ion .  Severa l  of  t h e s e  methods 
have been b r i e f l y  discussed by Hansen 
(1971b,c). M o s t  of  t hese  are r e s t r i c t e d  
t o  t h e  case  of a l o c a l l y  p l ane -pa ra l l e l  
atmosphere, b u t  i n  p r a c t i c e  t h i s  s p e c i a l  
case is almost always s u f f i c i e n t .  The 

levance t o  an MJS mission t h e  r a d i a t i o n  computations i n  t h i s  s e c t i o n  w e r e  made 
h a s  been mul t ip ly  s c a t t e r e d  and t h e  ob- wi th  t h e  so-cal led 'doubling method' 
s e rvab le  s i g n a l  represents  an average of  (van de Hulst  and Grossman, 1968: Hansen, 
photons s c a t t e r e d  d i f f e r e n t  numbers of  1971b); t h e  same approach i s  v a l i d  f o r  
t i m e s  a t  a l l  po ten t ia l  s c a t t e r i n g  angles .  v e r t i c a l l y  inhomogeneous atmospheres i n  
This process tends t o  smooth out  f e a t u r e s  which case it is  usua l ly  c a l l e d  t h e  
which occur  i n  the r a d i a t i o n  as a func t ion  ' adding method ' . 
of s c a t t e r i n g  angle a t  a given wavelength. 
Spectral  absorpt ion featumes usua l ly  Fig.  9 shows t h e  computed i n t e n s i t y  
become s t ronge r  with mul t ip l e  s c a t t e r i n g ,  
b u t  t hese  f e a t u r e s t h e n  r ep resen t  Some r e f l e c t i o n  of sun l igh t  from a plane- 
merage  Over the  e n t i r e  depth t o  which t h e  

and p o l a r i z a t i o n  a t  = 2 . 2 5 ~  f o r  t h e  

p a r a l l e l  water  cloud for d i f f e r e n t  o p t i c a l  
A 1  6 
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Fig.  10. Percent p o l a r i z a t i o n  as a func t ion  of azimuth angle ,  @-a$, of s u n l i g h t  
r e f l e c t e d  by a p lane-para l le l  w a t e r  cloud for 
0 and B o .  The curves for a l l  o r d e r s  are 100 (Q2 + U2 + V2) /I, those  for  first o r d e r  
are corn uted i cluding only t h e  cont r ibu t ion  of s i n g l e  s c a t t e r i n g  i n  t h e  numerator, 
(a2 + U s  + V2)f, and those  f o r  t h e  modified f irst  o r d e r  are explained i n  t h e  t e x t .  
c a l c u l a t i o n s  are for t h e  s i z e  d i s t r i b u t i o n  (9) with a = 6p and b = 1/9. 

= 1.2p, T= 4 and t h e  ind ica ted  values  of 

The 

th icknesses .  The p a r t i c l e  s i z e  d i s t r i b u -  
t i o n  i s  g iven  by (9) wi th  a = 6 p  and 
b = 119 which is r e p r e s e n t a t i v e  fo r  
terrestrial f a i r  weather cumulus clouds.  
For t h i s  case t h e  s i n g l e  s c a t t e r i n g  albedo 
i s -0 .99  so t h e r e  is a g r e a t  amount of 
m u l t i p l e  s c a t t e r i n g .  The s i n g l e  scatter- 
ing features i n  t h e  angular  d i s t r i b u t i o n  
of t h e  i n t e n s i t y  are p r a c t i c a l l y  lost 
due t o  t h e  m u l t i p l e  s c a t t e r i n g .  A ' l i m b  
darkening ' for 8-900 is introduced by t h e  
m u l t i p l e  s c a t t e r i n g :  t h i s  f e a t u r e  depends 
on t h e  o p t i c a l  th ickness ,  t h e  s i n g l e  
s c a t t e r i n g  albedo and t h e  asyrrqnetry of 
t h e  phase func t ion ,  b u t  it is not  s u f f i c -  
i e n t l y  s e n s i t i v e  t o  t h e  n a t u r e  of  t h e  
scatterers t o  be very  u s e f u l  for p a r t i c l e  
i d e n t i f i c a t i o n .  The primary effect of 
m u l t i p l e  s c a t t e r i n g  on t h e  degree of 
p o l a r i z a t i o n  is t o  reduce i t s  va lue  with- 
o u t  changing i ts  g e n e r a l  form, as w a s  
r e a l i z e d  by Lyot (1929) and Coffeen (1969). 

The format of Fig.  9 i s  appropr ia te  
for  comparison t o  observa t ions ,  and thus  
for  a p r a c t i c a l  test  of how w e l l  s i n g l e  
s c a t t e r i n g  f e a t u r e s  i n  t h e  angular  d i s t -  
r i b u t i o n  of t h e  r e f l e c t e d  l i g h t  surv ive  
t h e  smoothing effect of mult ip le  scatter- 
ing. The i n t e n s i t y  is p l o t t e d  on a 
logar i thmic  s c a l e  which is c o n s i s t e n t  
both wi th  t h e  p r e s e n t a t i o n  of m o s t  
observers  and wi th  t h e  observa t iona l  
accuracies which have been obtained. 

The pelarizztt ion i s  p l o t t e d  on a l i n e a r  
scale which a l l o w s  d i f f e r e n c e s  of a few 
t e n t h s  of  a percent  p o l a r i z a t i o n  t o  be 
resolved,  because accurac ies  of  t h i s  
order  are obtained i n  observat ions (Lyot, 
1929: Coffeen and Gehrels ,  1969). 

Fig.  10 shows t h e  degree of polar-  
i z a t i o n  (say I ~ / I  where I i s  t h e  t o t a l  in-  
t e n s i t y  and Ip is t h e  i n t e n s i t y  of polar ized  
l i g h t )  computed for water  c louds a t  X=1.2p 
and a comparison t o  an approximation for 
t h e  p o l a r i z a t i o n ,  Ib / I ,  i n  which only t h e  
c o n t r i b u t i o n  of s i n g l e  ( f i r s t  order) 
s c a t t e r i n g  is included i n  t h e  numerator. 
A l s o  i l l u s t r a t e d  i s  a modified approxima- 
t i o n  which is based on t h e  assumption t h a t  
d i f f r a c t e d  photons may be counted a s  being 
unscat tered:  i . e . ,  photons a r e  allowed t o  
c o n t r i b u t e  t o  1; according t o  t h e  s i n g l e  
s c a t t e r i n g  phase matr ix  on t h e i r  f i rs t  
nondi f f rac t ion  s c a t t e r i n g  (Hansen, 1971c) . 
This f i g u r e  i l l u s t r a t e s  t h a t  t h e  s i n g l e  
s c a t t e r i n g  i s  pr imar i ly  respons ib le  f o r  
t he  polar iza t ion .  

The genera l  effect of m u l t i p l e  
s c a t t e r i n g  on t h e  i n t e n s i t y  and p o l a r i z a t i o n  
can be r e a d i l y  understood. Photons emerging 
f r o m  t h e  atmosphere a f t e r  s e v e r a l  s c a t t e r i n g s  
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a r e  p r a c t i c a l l y  unpolarized and they have 
an i n t e n s i t y  which is  more o r  less 
i s o t r o p i c .  Thus i n  t h e  degree of polar-  
i z a  t i o n ,  Ip/I , only t h e  photons s c a t t e r e d  
once or  a small  number of t i m e s  cont r ib-  
u t e  s i g n i f i c a n t l y  t o  Ip. The shape of 
t h e  p o l a r i z a t i o n  vs .  s c a t t e r i n g  angle  i s  
t h e r e f o r e  determined by  t h e  s c a t t e r e r s  
i n  t h e  t o p  of  the atmosphere, where t h e  
o p t i c a l  thickness  i s  51. I f  v a r i a t i o n s  
of  t he  proper t ies  of  t h e  s c a t t e r e r s  
occur  a t  g r e a t e r  depths  the  only s i g n i f -  
i c a n t  e f f e c t  on the degree of p o l a r i z a t i o n  
is through t h e  t o t a l  i n t e n s i t y ;  t h i s  i s  
of l i t t l e  concern i f  t h e  i n t e n s i t y  i s  
measured. 

The region of t h e  atmosphere where 
751 i s  t h a t  of the g r e a t e s t  i n t e r e s t :  
t h i s  is  approximately t h e  depth t o  which 
w e  can see v i s u a l l y  and, un less  t h e  
p a r t i c l e s  a r e  s m a l l e r  than the  wavelength, 
it is a l s o  r a d i a t i v e l y  e f f e c t i v e  i n  t h e  
thermal p a r t  of the spectrum. 

5.  APPLICATION TO EARTH CLOUDS 

Polar iza t ion  observat ions of  t he  
E a r t h ' s  atmosphere have not  played a 
major role i n  atmospheric s t u d i e s .  
There are s e v e r a l  reasons for t h i s  i n  
a d d i t i o n  t o  t h e  f a c t  t h a t  t h e  particles 
and gas  i n  o u r  atmosphere can be 
sampled i n  s i t u .  U n t i l  r e c e n t l y  it has 
n o t  been poss ib le  to  make t h e o r e t i c a l  
computations f o r  phase matrices which 
could be expected t o  r e p r e s e n t  t he  real 
atmosphere. Furthermore, i n  t h e  case of  
clouds u s e f u l  observat ions from t h e  
ground are n o t  poss ib le  because t rans-  
m i t t e d  s u n l i g h t  is p r a c t i c a l l y  unpolar- 
ized.  H o w e v e r ,  r e c e n t l y  a t  least one 
series of  a i r c r a f t  measurements of  cloud 
p o l a r i z a t i o n  (described below) has  been 
made, and sa te l l i t e  observat ions by t h e  
S o v i e t  Union have been repor ted  
(Vimichenko, 19721, though t h e  d e t a i l s  
are n o t  y e t  ava i lab le .  Sa te l l i t e  ob- 
s e r v a t i o n s  of  the p o l a r i z a t i o n  of re- 
f l e c t e d  s u n l i g h t  have been recommended 
f o r  measuring cloud o p t i c a l  p r o p e r t i e s  
(COSPAR, 1972) as w e l l  as for monitoring 
te r res t r ia l  aerosols  (NASA, 1971) . 

P o t e n t i a l  cloud information. A 
d i s c u s s  ion  of p o t e n t i a l  i n  f o r m a  ti on i n  
p o l a r i z a t i o n  observat ions of  terres- 
t r i a l  clouds has  been given by Hansen 
and Coffeen (1972). The primary infor -  
mation appears  t o  be t h e  following: 

1) par t ic lephase .  It  i s  not  
p r a c t i c a l  t o  compute t h e  p o l a r i z a t i o n  
for rea l i s t ic  models of ice clouds 

because t h e  p a r t i c l e s  are a n i s o t r o p i c  
and of var ious  shapes,  b u t  it i s  c e r t a i n  
t h a t  t h e  p o l a r i z a t i o n  for ice clouds is 
d r a s t i c a l l y  d i f f e r e n t  f r o m  t h a t  f o r  
w a t e r  clouds.  For example, t he  rainbow 
and g l o r y  do n o t  e x i s t  for ice c r y s t a l s .  
Thus it would be p o s s i b l e  t o  make mea-  
surements across t h e  rainbow region t o  
i d e n t i f y  w a t e r  clouds.  However, there 
are also c h a r a c t e r i s t i c  d i f f e r e n c e s  be- 
tween ice and w a t e r  a t  o t h e r  s c a t t e r i n g  
angles ,  and it w i l l  be necessary t o  make 
sys temat ic  observa t ions  on ice clouds 
before it can be determined what measure- 
ments m o s t  convenient ly  y i e l d  t h e  par- 
t i c l e  phase. 

2 )  p a r t i c l e  s i z e .  This can be 
obtained for w a t e r  clouds from com- 
par i sons  of t h e o r e t i c a l  computations 
t o  observat ions.  A number of  d i f f e r e n t  
f e a t u r e s  could be used, b u t  t he  theo- 
retical  f i g u r e s  presented b e l o w  sugges t  
t h a t  measurements a t  s c a t t e r i n g  angles  
-100 degrees would provide a simple 
means f o r  p a r t i c l e  s i z i n g .  

3 )  cloud he ight .  The cloud h e i g h t  
can be obtained from t h e  p o l a r i z a t i o n  of  
r e f l e c t e d  s u n l i g h t  by means of  measure- 
ments i n  t h e  v i s u a l  and u l t r a v i o l e t .  The 
amount of  Rayleigh s c a t t e r i n g  a t  these  
wavelengths can be converted t o  t h e  cloud- 
top  pressure.  The p o t e n t i a l  accuracy 
wi th  which it should be poss ib le  t o  o b t a i n  
t h e  cloud h e i g h t  using t h i s  method is  -1 km. 

4 )  w a t e r  content .  I f  t h e  cloud 
o p t i c a l  thickness  i s  known it can,  to- 
g e t h e r  wi th  t h e  p a r t i c l e  s i z e ,  be con- 
v e r t e d  t o  t h e  l i q u i d  w a t e r  conten t  i n  a 
v e r t i c a l  column. For w a t e r  clouds t h e  
o p t i c a l  th ickness  can be obtained from 
t h e  p o l a r i z a t i o n ,  as i n d i c a t e d  by Fig. 9. 
(The p o l a r i z a t i o n  i s  m o r e  s e n s i t i v e  to  
t h e  o p t i c a l  thickness  a t  s h o r t e r  wave- 
lengths  where t h e  absorp t ion  is  negl ig i -  
ble.)  The d e r i v a t i o n  of the  l i q u i d  w a t e r  
conten t  w i l l  r e q u i r e  e i t h e r  t h e  assump- 
t i o n  t h a t  t h e  p a r t i c l e  s i z e  is  approxi- 
mately cons tan t  wi th  h e i g h t  i n  t h e  cloud 
o r  t h a t  a sys temat ic  v a r i a t i o n  with h e i g h t  
can be allowed f o r  based on t h e  cloud 
type - 

Theore t ica l  Computations i n  t h e  Inf ra -  
- red.  Coffeen and Hansen (1972) have begun 
a t h e o r e t i c a l  and observa t iona l  program 
t o  explore  t h e  information which can be 
obtained from p o l a r i z a t i o n  observat ions 
of terrestrial  clouds.  The f i rs t  obser- 
v a t i o n s  w e r e  r e s t r i c t e d  t o  the  near-infra- 
red  reg ion  ( 1 ~  ,< X 2 3.51.1) which is  sen- 
s i t i v e  t o  t h e  p a r t i c l e  s i z e  b u t  which can 
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Fig. 11. Contour diagram o f  percent  p o l a r i z a t i o n  as a func t ion  of s c a t t e r i n g  angle  
and wavelength f o r  s i n g l e  s c a t t e r i n g  by a s i z e  d i s t r i b u t i o n  of water p a r t i c l e s .  The 
s i ze  d i s t r i b u t i o n  is t h a t  given by (9) with a = 6p and b = 1/9. S o l i d  curves are used 
f o r  p o s i t i v e  p o l a r i z a t i o n  and do t t ed  curves f o r  negat ive po la r i za t ion .  

no t  be used f o r  measuring cloud he ights .  
I n  t h i s  subsec t ion  we w i l l  i l l u s t r a t e  
some t h e o r e t i c a l  curves f o r  s i n g l e  sca t -  
t e r i n g  by water clouds i n  the  near  i n f r a -  
red.  These computations a r e  use fu l  €or 
determining t h e  optimum wavelengths and 
d i r e c t i o n s  f o r  observat ions.  

Fig. 11 shows t h e  percent  po lar iza-  
t i o n  a s  a func t ion  o f  s c a t t e r i n g  angle  
and wavelength i n  t h e  near - inf ra red  f o r  
s i n g l e  s c a t t e r i n g  by w a t e r  p a r t i c l e s  which 
fol low t h e  s i z e  d i s t r i b u t i o n  (9) wi th  
a = 6~ and b = 1/9. The s t rong  p o s i t i v e  
p o l a r i z a t i o n  running ho r i zon ta l ly  across 
t h e  diagram f o r  wavelengths near  3p is 
due t o  Fresne l  r e f l e c t i o n  from t h e  out- 
s i d e  of  t h e  p a r t i c l e .  In  t h i s  wavelength 
region water  is s t rong ly  absorbing so 
t h e r e  i s  p r a c t i c a l l y  no pene t r a t ion  o f  
t he  p a r t i c l e s  by l i g h t  rays .  For wave- 
lengths  less than 2 . a  t h e  narrow posi-  
t i v e  f e a t u r e  a t  s c a t t e r i n g  angles  near  
180 degrees i s  t h e  g lory .  The l a rge  posi- 
t i v e  p o l a r i z a t i o n  wi th  its m a x i m u m  near  
t he  s c a t t e r i n g  angle  145 degrees i s  the 
primary rainbow, while t h e  second rainbow 
i s  j u s t  apparent  near  120 degree s c a t t e r -  

ing angle.  For s c a t t e r i n g  angles  between 
20 and 100 degrees and wavelengths 5 2 . a  
most of t h e  l i g h t  is from rays  r e f r a c t e d  
through t h e  p a r t i c l e s  wi th  no i n t e r n a l  
r e f l e c t i o n s ;  t h i s  is negat ive ly  polar ized .  
The region between t h e  g lo ry  and t h e  ra in-  
bow is a l s o  nega t ive ly  polar ized;  because 
of  i n t e r f e rence  f e a t u r e s  t h e  p o l a r i z a t i o n  
i n  t h i s  region is s e n s i t i v e  t o  t h e  shape 
of  t h e  s i z e  d i s t r i b u t i o n .  For wavelengths 
between 3.25 and 4p t h e  wavelength is c lose  
enough to  t h e  mean e f f e c t i v e  s i ze  t h a t  t h e  
concepts of  geometr ical  o p t i c s  have l i t t l e  
a p p l i c a b i l i t y .  This is t h e  t r a n s i t i o n  
region between Rayleigh s c a t t e r i n g  and 
l a r g e  p a r t i c l e  s c a t t e r i n g ,  and hence t h e  
p o l a r i z a t i o n  is  s t rong ly  dependent on t h e  
mean e f f e c t i v e  r ad ius ,  a. 

Figs .  12 and 13 show the  pe rcen t  
p o l a r i z a t i o n  for t w o  a d d i t i o n a l  size d i s -  
t r i b u t i o n s  of water  p a r t i c l e s ,  wi th  t h e  
va lues  f o r  t h e  mean e f f e c t i v e  r ad ius  
being lop and 2Op, r e spec t ive ly .  For t h e  
range of b t y p i c a l  of terrestrial water 
clouds (- -10--25) t h e  p o l a r i z a t i o n  i n  
the  near - inf ra red  is much less s e n s i t i v e  
to  b than  it is t o  a. 
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A comparison of Figs.  11-13 i l l u s -  
trates t h e  effect  of t he  p a r t i c l e  s i z e  on 
t h e  p o l a r i z a t i o n  i n  the  near- infrared.  
A t  t h e  longes t  wavelengths, 1 2 3.5~, t he  
p o l a r i z a t i o n  changes d r a s t i c a l l y  between 
t h e  d i f f e r e n t  f i g u r e s ,  the  g lo ry ,  rainbow 
and o the r  f e a t u r e s  of  geometrical o p t i c s  
becoming more d i s t i n c t  with increasing 
p a r t i c l e  s i z e .  The p o s i t i v e  po la r i za t ion  
a t  1 - 3p, due t o  k e s n e l  r e f l e c t i o n ,  does 
n o t  change much wi th  increasing p a r t i c l e  
s i z e ,  because it is a l ready  near the  l i m i t  
of  geometr ical  o p t i c s  f o r  a = k.  The 
primary rainbow becomes narrower with a 
somewhat l a r g e r  peak value as t h e  p a r t i c l e  
s i z e  increases .  The curvature  i n  the  con- 
t o u r s  near  1.95 and 1.4% is  introduced by 
the  absorp t ion  bands of  l i q u i d  w a t e r  a t  
those wavelengths; t h i s  absorpt ion of 
course p r e f e r e n t i a l l y  a t t enua te s  the  rays 
wi th  longer  pathlengths  in s ide  the  par- 
t i c l e s .  

For wavelengths less than 2.5~ and 
s c a t t e r i n g  angles  -100 degrees the  po la r i -  
za t ion  inc reases  with p a r t i c l e  s i z e .  This 
is due t o  the  increas ing  predominance o f  
Fresne l  r e f l e c t i o n  a t  those angles ,  as we 
w i l l  expla in  here .  The f ea tu res  described 
above i n  terms of geometrical o p t i c s  can- 
no t  be p r e c i s e l y  loca l i zed  t o  the  scatter- 
ing angle regions which they would occupy 
i n  t h e  l i m i t  of  i n f i n i t e l y  l a rge  a/X. 
This p a r t i c u l a r l y  a f f e c t s  t r anspa ren t  
particles i n  the  region where Fresnel  re-  
f l e c t i o n  would dominate i n  t h e  geometrical  
o p t i c s  l i m i t  Secaase the  i n t e n s i t y  of 
t hese  e x t e r n a l l y  r e f l e c t e d  rays  is  small .  
Thus the spreading o f  even a s m a l l  f rac-  
t i o n  of the  nega t ive ly  polar ized  twice- 
r e f r a c t e d  r ays  i n t o  the  region of s c a t t e r -  
ing angles  -100 degrees can e a s i l y  swamp 
the  p o s i t i v e  po la r i za t ion .  Conversely, 
as the  wavelength decreases  o r  as a in- 
creases the  negat ive p o l a r i z a t i o n  tends 
t o  be better confined t o  t h e  region it 
occupies i n  the  l i m i t  o f  geometr ical  op- 
t ics ,  and hence a p o s i t i v e  maximum appears 
i n  the  p o l a r i z a t i o n  a t  s c a t t e r i n g  angles  
-100 degrees ( c f .  Fig. 13 f o r  I-$). The 
v a r i a t i o n  of  t he  po la r i za t ion  f o r  s c a t t e r -  
ing angles  -60-100° provides a s t r a i g h t -  
forward method f o r  p a r t i c l e  s i z i n g ,  a s  
i l l u s t r a t e d  below. 

Cloud Observations. Measurements 
of  the  p o l a r i z a t i o n  of sun l igh t  r e f l e c t e d  
by terrestrial  clouds w e r e  made by Coffeen 
and Hansen (1972) on a series of f l i g h t s  
on the  NASA Convair 990. The polar imeter  
w a s  mounted i n  a s i d e  window of  the  a i r -  
c r a f t  and could scan i n  a s i n g l e  v e r t i c a l  
plane p a r a l l e l  t o  t h e  main a x i s  of the  
plane.  Observations w e r e  made a t  X = 1.25, 

1.6 and 2.2s. The results are p resen t ly  
being analyzed, b u t  some of the  measure- 
ments which have been reduced are i l l u s -  
t r a t e d  here .  

F ig .  14 shows po la r i za t ions  measured 
over two d i f f e r e n t  cloud systems on d i f -  
f e r e n t  days. These two clouds w e r e  special 
i n  the  sense t h a t  they were the  only ones 
f o r  which a rainbow could be seen from 
t h e  a i rp l ane  wi th  the  naked eye. These 
cloud systems w e r e  r e l a t i v e l y  uniform and 
thus  t h e  po la r i za t ion  curves are q u i t e  
smooth. A comparison of these  curves 
wi th  t h e  t h e o r e t i c a l  computations indi-  
cates t h a t  t h e  mean e f f e c t i v e  p a r t i c l e  
r ad ius  i n  the  tops of  these  clouds was 
20-2%. 

Rainbows w e r e  de tec ted  i n  the  po la r i -  
za t ion  f o r  a l l  clouds which w e r e  observed 
a t  the  appropr ia te  s c a t t e r i n g  angles  and 
known (from t h e i r  a l t i t u d e  and v i s u a l  
appearance) t o  be of t he  water type.  

The most convenient i nd ica to r  of 
p a r t i c l e  s i z e  is  the  crossover po in t  
( n e u t r a l  po in t )  from pos i t i ve  t o  negat ive 
po la r i za t ion  a t  X=2.25~. The phase angle 
of t h i s  n e u t r a l  p o i n t  increases  monotoni- 
c a l l y  as the  average p a r t i c l e  s i z e  in- 
creases, and a t  X=2.25p it has a wide 
p o t e n t i a l  range. The dependence of  the  
ne i l t ra l  p o i n t  on p a r t i c l e  s i z e  i s  suf -  
f i c i e n t l y  simple t h a t  even a r a t h e r  d u l l  
computer can be t r a ined  t o  use it auto- 
ma t i ca l ly ,  and hence it should be use fu l  
f o r  s a t e l l i t e  observat ions.  

Fig.  15  shows observat ions of a 
t h i ck  c i r r u s  cloud system. These two 
sets o f  observat ions were taken on the  
same day and they w e r e  t he  only c i r r u s  
observat ions i n  the  da t a  which have been 
reduced so f a r .  Therefore conclusions 
should be reserved ,  b u t  it is clear t h a t  
t h e  p o l a r i z a t i o n  f o r  i c e  clouds is g r e a t l y  
d i f f e r e n t  from t h a t  fo r  water clouds,  and 
i n  ways which can be understood. There 
i s  no rainbow f o r  c i r r u s  clouds.  The 
broad p o s i t i v e  po la r i za t ion  f ea tu re  must  
be due t o  Fresne l  r e f l e c t i o n  from t h e  
ou t s ide  of t he  p a r t i c l e s :  t h i s  is expected 
s ince  c i r r u s  c r y s t a l s  a r e  known t o  be 
large. The observat ions d id  no t  reach 
t h e  region of  t he  "22O halo"  (which, f o r  
t he  r e f r a c t i v e  index of ice a t  t h i s  wave- 
length ,  would occur a t  the  phase angle  
-161O). 

Fig. 16 shows a s e r i e s  of observat ions 
over water clouds which w e r e  taken con- 
secu t ive ly  on one f l i g h t .  The f i r s t  ob- 
s e r v a t i o n s ,  on the  l e f t ,  were over a f r o n t  
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Fig.  16. Percent  po la r i za t ion  of r e f l e c t e d  s u n l i g h t  observed a t  X=2.25~ over three 
d i f f e r e n t  clouds which w e r e  encountered consecut ively i n  t i m e  from l e f t  t o  r i g h t .  The 
observa t ions  on the l e f t  w e r e  over a narrow f r o n t  of r a in ing  clouds.  The o the r  two sets 
of  observa t ions  w e r e  taken behind the f ron t  and for the  l a t te r  cases the  cloud types 

indicated above are uncer ta in ,  except  for  t h e  

of  r a i n i n g  cumulus clouds a t  least  severa l  
k i lometers  long and a f r a c t i o n  of a ki lo-  
m e t e r  wide. The clouds w e r e  very turbu- 
l e n t  and nonuniform i n  b r igh tness ,  thus  
account ing f o r  t h e  appearance of the  polar- 
i z a t i o n  curve.  The apparent  n e u t r a l  point  
f o r  the p o l a r i z a t i o n  i n d i c a t e s  an e f f e c t i v e  
p a r t i c l e  r ad ius  o f  a t  least 3%. The 
clouds immediately behind the  f r o n t  (center 
p a r t  of Fig.  16) had much smaller p a r t i c l e s ,  
about  1% i n  rad ius .  S t i l l  f u r t h e r  away 
( r i g h t  part of Fig. 16) w e r e  clouds with 
a mean s i z e  o f  about 4.  

Although the  observa t iona l  programs 
for terrestrial clouds are a t  an e a r l y  
s t a g e ,  the r e s u l t s  tend  to  confirm theo- 
retical expec ta t ions  and they are indica- 
t ive o f  the h igh  information content  i n  
t h e  p o l a r i z a t i o n .  

6. APPLICATION TO VENUS 

The po la r i za t ion  of s u n l i g h t  
r e f l e c t e d  by Venus was f i r s t  measured by 
Lyot i n  1922 (Lyot, 1929). The amount of 
po la r i za t ion  observed was small  (Fig. 17), 
b u t ,  because of t he  high accuracy of the 
measurements and t h e  s e n s i t i v i t y  of t he  
p o l a r i z a t i o n  t o  t h e  o p t i c a l  p rope r t i e s  of 
t he  s c a t t e r i n g  medium, t h e  observat ions 
conta in  a l a r g e  amount of information. 

f a c t  that they  w e r e  fa i r  weather clouds.  

Coffeen and Gehrels (1969) extended the  
measurements t o  s e v e r a l  wavelengths from 
t h e  nea r -u l t r av io l e t  region ( A  = 0 . 3 4 ~ )  
t o  t he  near - inf ra red  region ( A  = 0 . 9 9 ~ ) .  

The f a c t  t h a t  t he  mass of t he  Venus 
atmosphere is l a r g e  ( sur face  pressure  - 
100 atm) a s su res  t h a t  t h e  po la r i za t ion  
observat ions r e f e r  pr imar i ly  t o  photons 
mul t ip ly  s c a t t e r e d  wi th in  the  atmosphere 
and n o t  t o  r e f l e c t i o n s  from a s o l i d  
p l ane ta ry  sur face .  A complete t h e o r e t i c a l  
i n t e r p r e t a t i o n  of t h e  observa t ions  must, 
t he re fo re ,  be based on s o l u t i o n s  of  t he  
r a d i a t i v e  t r a n s f e r  equation. Exact  
s o l u t i o n s  f o r  a Rayleigh atmosphere 
(gaseous molecules or particles wi th  
rad ius  r d< 1) have long been a v a i l a b l e ,  
b u t ,  a s  shown i n  Fig.  17,  Rayleigh 
s c a t t e r i n g  produces a p o l a r i z a t i o n  a t  
v i s i b l e  wavelengths t h a t  is much l a r g e r  
than t h e  po la r i za t ion  observed on Venus. 

It thus  follows t h a t  i n  the  atmos- 
phere of Venus t h e r e  must be cloud o r  
haze p a r t i c l e s  which a r e  p r imar i ly  respon- 
sible f o r  t h e  po la r i za t ion .  Indeed, 
l abo ra to ry  measurements, a s  w e l l  a s  theor- 
e t i c a l  c a l c u l a t i o n s  f o r  s i n g l e  s c a t t e r i n g  
by s p h e r i c a l  p a r t i c l e s ,  i n d i c a t e  t h a t  t h e  
po la r i za t ion  of  Venus i s  c h a r a c t e r i s t i c  
of s c a t t e r i n g  by p a r t i c l e s  w i th  r - X. 
Using h i s  l abora to ry  measurements, Lyot 
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Fig.  17. The p luses  r ep resen t  Lyot ' s  measurements of t h e  p o l a r i z a t i o n  o f  the 
v i s u a l  l i g h t  r e f l e c t e d  by Venus. 
of d i f f e r e n t  th icknesses .  

The t h e o r e t i c a l  curves  are for Rayleigh atmospheres 

(1929) found t h a t  c louds composed of wa- 
ter  drops ( r e f r a c t i v e  index nr - 1.33) 
w i t h  r - 1 . 2 5 ~  were i n  reasonably good 
q u a l i t a t i v e  agreement wi th  h i s  observa- 
t i o n s  of Venus. Coffeen (1969),on t h e  
o t h e r  hand,compared t h e  observa t ions  of 
Coffeen and Gehrels (1969)with ca lcu la-  
t i o n s  for s i n g l e  s c a t t e r i n g  by spheres  
and concluded t h a t  1.43 nr i 1.55 and 
r - 1 . 2 5 ~ .  

Hansen and Arking (1971) obta ined  
numerical so lu t ions  f o r  t h e  mul t ip l e  
s c a t t e r i n g  o f  l i g h t  ( including po la r i za -  
t i o n )  from a plane parallel  atmosphere 
cons i s t ing  of a mixture of  s p h e r i c a l  
p a r t i c l e s  and Rayleigh scatterers. The 
r e s u l t s  w e r e  i n t eg ra t ed  over  the v i s i b l e  
p a r t  of the p lane tary  d i s k  t o  allow a 
comparison wi th  the observat ions of Ven- 
us.  The po la r i za t ions  obtained w e r e  found 
t o  depend upon the real  r e f r a c t i v e  index* 
and the particle size d i s t r i b u t i o n .  

The effect  o f  t h e  s i z e  d i s t r i b u t i o n  
can be accura t e ly  descr ibed  by t w o  para- 
meters, the mean e f f e c t i v e  r ad ius  and t h e  
e f f e c t i v e  var iance ,  as i l l u s t r a t e d  i n  
Sec t ion  3 .  The c a l c u l a t i o n s  for the 

*The imaginary p a r t  of the refrac- 
t i ve  index must be very s m a l l  f o r  t h e  
p a r t i c l e s  i n  t h e  upper cloud l a y e r  on 
Venus, and the s i n g l e  s c a t t e r i n g  albedo 
must be close t o  un i ty .  To account  for 
the s p h e r i c a l  a lbedo of Venus, which is 
less than  loo%, it is  poss ib l e  t o  choose 
e i ther  a f i n i t e  atmosphere w i t h  a p a r t i -  
a l l y  absorbing ground or a s i n g l e  scatter- 
ing a lbedo  less than  unity.Both of these 
a l t e r n a t i v e s  w e r e  t e s t e d  and wi th in  the 
th ickness  o f  the curves i n  Figs .  17-20, 
t h e  r e s u l t s  w e r e  i d e n t i c a l :  i n  view of  
t h e  effect  of mul t ip l e  s c a t t e r i n g  d i s -  
cussed i n  Sec t ion  4 t h i s  is  r e a d i l y  under- 
s tandable .  
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Fig. 18. The crosses show t h e  observat ions of Coffeen and Gehrels o f  t h e  polar iza-  
t i o n  of  Venus a t  a wavelength of 0.99p. 
c a l c u l a t i o n s  a r e  f o r  t h e  p a r t i c l e  s i z e  giving best agreement with t h e  observat ions f o r  
a l l  wavelengths: r (k=.55p) = 0.7, 0.8. 1.1, 1.1, 1 . 2  and 1.2p, r e spec t ive ly ,  beginning 
with nr = 1.33. 
angles  g r e a t e r  than l l O o .  The algedo of Venus is assumed t o  be 90 percent  a t  1=0.9%. 

For each r e f r a c t i v e  index nr t h e  t h e o r e t i c a l  

The curves f o r  n = 1.44 and 1.45 are ind i s t ingu i shab le  f o r  phase 

f i g u r e s  i n  t h i s  s e c t i o n  w e r e  made f o r  the 
s i z e  d i s t r i b u t i o n  (9) wi th  the  e f f e c t i v e  
var iance  b = 1/9-.11, which y i e l d s  good 
agreement wi th  t h e  observat ions.  (As 
discussed  below a closer f i t  t o  t h e  ob- 
se rva t ions  can be obtained wi th  b = -08.) 
Hence t h e  r e s u l t s  i l l u s t r a t e d  i n  Figs.  18- 
20, showing p o l a r i z a t i o n s  as a func t ion  
of  t h e  p l a n e t ' s  phase angle,depend upon 
two parameters : the index of r e f r a c t i o n ,  
nr, and t h e  mean e f f e c t i v e  p a r t i c l e  rad i -  
u s ,  <rSef 
depend on nr and r, t h e  mean s c a t t e r i n g  
r ad ius  (Hansen and Pollack,l970:Hansen, 
1 9 7 1 ~ 1 ,  where r and a d i f f e r  by a few 
percent .*  For observat ions a t  s h o r t  wave- 

= a. Al t e rna t ive ly  t h e  r e s u l t s  

*Hansen and Arking employed r in-  - 
s t e a d  of  a ;  r v a r i e s  with wavelength by a 
f e w  pe rcen t  f o r  -341.1 I X ,< .99p1.Kattawar, 
e t  a1 (1971) i n c o r r e c t l y  suggested t h a t  
Hansen and Arking allowed t h e  s i z e  d i s -  
t r i b u t i o n  t o  vary wi th  wavelength. 

l eng ths ,  where Rayleigh scatten ng is  
important because of i ts  lfi4 dependence, 
t h e  f r a c t i o n a l  con t r ibu t ion  of  Rayleigh 
s c a t t e r i n g  i s  an  a d d i t i o n a l  parameter. 

The s e n s i t i v i t y  o f  t h e  t h e o r e t i c a l  
computations t o  changes i n  t h e  r e f r a c t i v e  
index is i l l u s t r a t e d  by Fig. 18 which in- 
c ludes Coffeen and Gehrels '  observat ions 
a t  h = 0.9%. For each r e f r a c t i v e  index 
t h a t  p a r t i c l e  s i z e  is shown t h a t  g ives  
t h e  best o v e r a l l  agreement f o r  a l l  wave- 
lengths  from 0.34 t o  0 . 9 9 ~ .  The minimum 
near  a phase angle  of  15' is t h e  g lo ry ,  
which a r i s e s  from su r face  waves generated 
on s p e r i c a l  p a r t i c l e s  by edge rays: the 
g lo ry  is very broad a t  t h i s  wavelength 
because of  t h e  small s i z e  parameter x = 
2nr/X. The broad m a x i m u m  near  a phase 
angle  of  30' is  t h e  primary rainbow,which 
arises from rays  i n t e r n a l l y  r e f l e c t e d  
once i n  s p h e r i c a l  p a r t i c l e s ;  t h i s  f e a t u r e  
becomes inc reas ing ly  d i s t i n c t  toward 
s h o r t e r  wavelengths. 
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Fig. 19. The crosses show the observations of Coffeen and Gehrels at A = 0.365~. 
The theoretical curves are computed with a fraction fR of the phase matrix being Rayleigh 
scattering and a fraction (1-fR) being the Mie phase matrix for nr = 1.46 and ?(h=.55~) = 
1.1~. The albedo of the planet is assumed to be 55 percent. 

At visual and shorter wavelengths 
there is a nonnegligible contribution 
from Rayleigh scattering,which may be 
estimated best from the ultraviolet ob- 
servations. Figure 19 shows the results 
of calculations at h = 0.365~ for a model 
with a uniform mixture of spherical cloud 
particles and Rayleigh scatterers. The de- 
rived amount of Rayleigh scattering may 
then be used to obtain the pressure at a 
level of significant optical depth (7-1) 
in the c1ouds;the result is -5Omb,which, 
for comparison,corresponds to the press- 
ure in the earth's stratosphere at -20km. 

The observed magnitude of the polar- 
ization in the rainbow at A = - 3 6 5 ~  (Fig. 
19) does not agree quantitatively with the 
theoretical result.However, more recent 
observations (Dollfus and Coffeen, 1970) 

show a maximum polarization of -lo%, in 
perfect agreement with the theory. It is 
conceivable that the old observations were 
in error, but it seems more probable that 
the polarization of Venus is variable in 
the W, as is also suggested by polariza- L 

tion observations at other phase angles 
and by the presence of variable cloud fea- 
tures in W photographs. The interpre- 
tation of such a variability should prob- 
ably be connected with the variable ultra- 
violet markings on the planet. 

The visual observations of Lyot and 
the intermediate-bandwidth observations 
of Coffeen and Gehrels at h = 0.55~ are 
shown in Fig. 20. The theoretical curves 
illustrate the sensitivity of the polar- 
ization to variations in the particle size, 
and they indicate that the mean particle 
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Fig.  2 0 .  The pluses  r ep resen t  t h e  v i s u a l  observat ions of Lyot, and the  c rosses  are 
the  intermediate-bandwidth observat ions of Coffeen and Gehrels a t  X = 0 . 5 5 ~ .  The theo re t i -  
c a l  curves a r e  f o r  n = 1.45 with severa l  va lues  f o r  t he  mean s c a t t e r i n g  rad ius  f ( X = . 5 5 ~ ) .  
The albedo of Venus 1s assumed t o  be 87 percent ,  and the  Rayleigh s c a t t e r i n g  determined i n  
the  u l t r a v i o l e t  region ( fR = 0.045) is included a f t e r  reduct ion by a l a w .  

r 

r ad ius  is -1.4. The agreement i s  Closer it i s  clear t h a t  t he  f ea tu re  for Venus 
wi th  the  intermediate-bandwidth observa- is the  po la r i za t ion  " i s l and"  (anomalous 
t i o n s  of Coffeen and Gehrels than with d i f f r a c t i o n )  i n  the  contour diagrams: 
t h e  broad-bandwidth observat ions of  LyOt; f o r  s h o r t e r  wavelengths it becomes weak- 
t h i s  r e s u l t  is no t  su rp r i s ing  s ince  t h e  er  and f o r  longer  wavelengths it d i s -  
c a l c u l a t i o n s  are f o r  a s i n g l e  wavelength. appears.  

There is a discrepancy wi th  the  
observat ions a t  phase angles  -160O. From 
Fig. 7 it is clear t h a t  t h e r e  would be 
better agreement i n  that region i f  a sme- 
what narrower s i z e  d i s t r i b u t i o n  were used, 
and it i s  a l s o  obvious t h a t  o the r  fea- 
t u r e s  would hard ly  be changed by the use 
of t he  narrower d i s t r i b u t i o n .  Hansen and 
Hovenier (1972) have var ied  b and found 
t h a t  a better f i t  occurs f o r  b-.08. What 
i s  most s i g n i f i c a n t  i s  the  f a c t  t h a t  the 
f e a t u r e  would be e n t i r e l y  smoothed away 
i f  a broad d i s t r i b u t i o n  w e r e  used. And 

The b e s t  f i t  t o  a l l  of  t h e  observa- 
t i o n s  occurs with a r e f r a c t i v e  index 
which decreases  from -1.46 i n  the  u l t r a -  
v i o l e t  region t o  -1.43 a t  X = 0.991.1; t he  
uncer ta in ty  i n  nr is  0.02 a t  each wave- 
length.  The mean p a r t i c l e  rad ius  is -4. 
Most of the  p a r t i c l e s  m u s t  be spher ica l :  
t h e  g lo ry ,  rainbow and anomalous d i f f r a c -  
t i o n  f ea tu re  a r e  pred ic ted  f o r  spheres 
b u t  they a r e  not  expected f o r  i r r e g u l a r  
p a r t i c l e s .  The width of t h e  s ize  d i s t r i -  
bu t ion  i s  amazingly s m a l l .  The value 
V e f f  - -08 is s m a l l e r  than f o r  terrestrial 
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w a t e r  clouds (for which veff is  usua l ly  
i n  the  range -10 - .25, the smaller values  
occurring f o r  fa i r  weather clouds and t h e  
l a r g e  ones f o r  convective clouds) and 
terrestrial  t ropospheric  hazes ( f o r  which 
veff -.2 - .4).  However, two d i f f e r e n t  
measurements (Mossop,l965:Friend, 1966) 
of  t he  s i z e  d i s t r i b u t i o n  o f  p a r t i c l e s  i n  
t h e  e a r t h  ' s s t r a tosphe re  (Junge l a y e r )  
y i e lded  veff -.OS -.06,and t h e  p a r t i c l e s  
appeared t o  be l i q u i d ;  thus perhaps f o r  
l i q u i d  p a r t i c l e s  i n  a convect ively stable 
p a r t  of  t he  atmosphere it is  reasonable 
t o  f i n d  a narrow s i z e  d i s t r i b u t i o n .  I n  
any case the  derived p a r t i c l e  shape and 
the  width of  t h e  s i z e  d i s t r i b u t i o n  to- 
ge the r  s t r o n g l y  suggest t h a t  the cloud 
p a r t i c l e s  on Venus are l i q u i d .  

I t  should be emphasized t h a t  t h e  
cloud p r o p e r t i e s  derived from t h e  polar-  
i z a t i o n  r e f e r  t o  the top  p a r t  o f  t he  
clouds.  I n t e n s i t y  measurements, f o r  
example, of absorpt ion l i n e s ,  include 
information on deeper l a y e r s  where the  
cloud p a r t i c l e  p r o p e r t i e s  may d i f f e r  and 
the  p re s su re  is  c e r t a i n l y  g r e a t e r .  This 
m u s t  a l s o  be borne i n  mind when one 
considers  t he  co lo r  and s p e c t r a l  r e f l e c t -  
i v i t y  of  Venus. Nevertheless,  t he  
" p o l a r i z a t i o n  clouds " must be equated 
with the  " v i s i b l e  c louds" of  Venus: t he  
p o l a r i z a t i o n  clouds have a s i g n i f i c a n t  
o p t i c a l  depth on a planet-wide b a s i s . *  
The f a c t  t h a t  these clouds have a sub- 
s t a n t i a l  o p t i c a l  thickness  high i n  the  
atmosphere, where p 50mb, only makes 
them a l l  t h e  more i n t e r e s t i n g .  

I t  should a l s o  be emphasized t h a t  
t h e  v i s i b l e  clouds are composed of  p a r t -  
icles with a s i n g l e  r e f r a c t i v e  index 
(note ,  f o r  example, t he  sha rp  rainbow i n  
t h e  u l t r a v i o l e t ) ;  they cannot be composed 
of  a mixture such as d u s t  and w a t e r .  In- 
deed, t h e r e  i s  only one type of  p a r t i c l e  
con t r ibu t ing  s i g n i f i c a n t l y  t o  the  polar-  
i c a t i o n .  I t  t h e r e  w e r e  two o r  more cloud 
l a y e r s  with d i f f e r e n t  p a r t i c l e s  ( d i f f e r i n g  
i n  r e f r a c t i v e  index or p a r t i c l e  s i z e  o r  
p a r t i c l e  shape)contr ibut ing t o  the polar-  
i z a t i o n  then t h e  f ea tu res  due t o  each 
type of p a r t i c l e  would be present;hauever,  
t he  only f e a t u r e s  i n  the observed polar-  
i z a t i o n  are those  corresponding t o  the  
p a r t i c l e s  described above(nr- 1.44, etc.)  
and moreover a l l  of the f e a t u r e s  predic- 

*At an o p t i c a l  depth T = 1 t he  con- 
t ras t  f o r  average observing cond i t ions ,  
II = p, = 4, i s  already reduced t o  e-4. 
Thus 7 = 1 is approximately t h e  depth t o  
which we can 'see'.  

t e d  f o r  such p a r t i c l e s  are p resen t .  HOW- 
e v e r ,  t h e  f a c t  t h a t  one type of  p a r t i c l e  
is  r e spons ib l e  f o r  t h e  p o l a r i z a t i o n  does 
no t  mean t h a t  t h e  atmosphere can be re- 
garded as homogeneous f o r  o t h e r  purposes; 
observat ions of  absorpt ion l i n e s ,  e .g . ,  
r e f e r  t o  a g r e a t e r  depth of  t h e  atmo- 
sphere,  and t h e r e  are some i n d i c a t i o n s  
of v e r t i c a l  inhomogenieties i n  these  ob- 
s e r v a t i o n s .  

The above r e s u l t s  s t r i n g e n t l y  narrow 
t h e  l i s t  of  p o s s i b l e  materials composing 
t h e  v i s i b l e  clouds of Venus; indeed, most 
of  t h e  materials t h a t  have been proposed 
may be r u l e d  ou t .  The p o l a r i z a t i o n  d a t a  
are incompatible wi th  s o l i d  p a r t i c u l a t e s  
such as Si02,  N a C 1 ,  NQC1, and FeC12 on 
s e v e r a l  grounds, including t h e i r  r e f r a c -  
t i v e  ind ices .  The r e f r a c t i v e  ind ices  f o r  
pure w a t e r  (H20) and ice are much t o o  
s m a l l ,  whereas the  r e f r a c t i v e  ind ices  f o r  
% and Hg compounds are much too l a r g e .  
Of course,  t h e  p o l a r i z a t i o n  r e s u l t s  do 
no t  r u l e  o u t  t h e  poss ib l e  ex i s t ence  o f  
t hese  materials i n  some cloud deck be- 
neath the  v i s i b l e  clouds.  

HC1 - H 2 0  is  one of  t h e  more prob- 
a b l e  o f  t h e  p o s s i b i l i t i e s  f o r  t h e  cloud 
p a r t i c l e  composition which have been sug- 
ges t ed  i n  the  l i t e r a t u r e .  L e w i s  (1969, 
1972) ,  using observed abundances of  t h e  
gases  HC1 and H20, pred ic t ed  t h a t  cloud 
p a r t i c l e s  composed of an aqueous s o l u t i o n  
of  hydrochlor ic  a c i d  (HC1 - HzO), with 
-25% HC1 by weight,should ex i s t  a t  t h e  
-5Omb l e v e l .  The r e f r a c t i v e  index of  HC1, 
-1.42 (Lewis,1972), may j u s t  b a r e l y  be 
compatible with the  p o l a r i z a t i o n  r e s u l t s .  

H2SO4 - H20 has  r e c e n t l y  been sug- 
gested f o r  t h e  cloud p a r t i c l e  composition 
on Venus by a group a t  JPL (A.Young, p r i -  
v a t e  communication). I t  appears t h a t  a 
s o l u t i o n  of  s u l f u r i c  a c i d  of  t he  appro- 
p r i a t e  composition could have t h e  observed 
r e f r a c t i v e  index and be l i q u i d  a t  t he  
cloud top  temperature.  S u l f u r  is  a major 
c o n s t i t u e n t  i n  t h e  p a r t i c u l a t e  l a y e r  i n  
t h e  Earth 's  s t r a t o s p h e r e  (the Junge l aye r )  
which ex i s t s  a t  t he  50mb region. On photo- 
chemical grounds L e w i s  argues a g a i n s t  
s u l f u r i c  a c i d  i n  the  clouds o f  Venus,but 
t he  p o s s i b i l i t y  a t  least  warrants  a c l o s e  
examination. 

Carbon suboxide (C3O2) has a l s o  been 
proposed as a poss ib l e  cloud p a r t i c l e  
material on Venus(Sinton, 1953) and it 
has a r e f r a c t i v e  index -1.45. However 
t h e  spec t roscop ic  upper l i m i t  on the  
abundance of  i t s  vapor (Jenkins, e t  a l . ,  
1969;Kuiper, 1969) is a f e w  orders  of  
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magnitude less than the amount required 
i n  t h e  s t r a tosphe re  of Venus f o r  equi l -  
ibrium wi th  the  condensate Of the  mono- 
m e r .  The low polymers may provide an 
a l t e r n a t i v e ,  b u t  t h e r e  are so many un- 
answered ques t ions  about C302 (see,e .g . ,  
Hansen and Arking, 1971) that it appears 
t o  be an improbable p o s s i b i l i t y .  

The na ture  of t he  clouds of  Venus 
could be more accu ra t e ly  spec i f i ed  i f  
t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  cloud 
p a r t i c l e s  w e r e  e s t ab l i shed .  This could 
be obtained from measurements of  t h e  
p o l a r i z a t i o n  a t  a high s p a t i a l  r e so lu t ion  
over  t he  p l a n e t ,  as from a p lane tary  
o r b i t e r .  I t  i s  a l s o  highly des i r ab le  
that measurements of the  po la r i za t ion  
be extended i n t o  the  near-infrared. An 
accurate t r a c i n g  of t h e  r e f r a c t i v e  index 
i n  t h a t  region,  where v a r i a t i o n s  a r e  
probable ,  could serve  t o  uniquely 
i d e n t i f y  t h e  cloud p a r t i c l e  composition. 

7 .  POTENTIAL APPLICATIONS ON MJS 

The Mariner Jupi ter-Saturn missions 
provide a unique opportuni ty  f o r  obtaining 
information on seve ra l  p l ane t s  and t h e i r  
environment from photopolar imetr ic  obser- 
va t ions .  The major advantages on the  MJS 
missions are the  g r e a t l y  increased phase 
angle  coverage and the  close-up views 
with t h e  a t t endan t  improved s p a t i a l  reso- 
l u t i o n .  Observations from Earth are 
l imi t ed  t o  s m a l l  phase angles  (<12O f o r  
J u p i t e r ,  <6O f o r  Saturn! and t h i s  e l i m i -  
na t e s  most of  the  p o t e n t i a l  app l i ca t ions  
fo r  p o l a r i z a t i o n  measurements. 

The information obtainable  from pho- 
topolar imetry covers a range from the  
r e l a t i v e l y  simple mapping of  cloud he ights  
t o  t h e  de r iva t ion  of d e t a i l e d  cha rac t e r i s -  
t ics of  p a r t i c l e  micros t ruc ture .  I n  t h e  
l a t t e r  extreme the  amount of d e t a i l  which 

depend i n  p a r t  on what t h e  actual s i t u a -  
t i o n  is; f o r  example, f o r  a case i n  which 

it w i l l  be d i f f i c u l t  t o  e s t a b l i s h  more 
about t he  p a r t i c l e  micros t ruc ture  than 
the  f a c t  t h a t  t he  p a r t i c l e s  are i r r e g u l a r  
and of  some s p e c i f i c  s i z e  range. 

D can be e x t r a c t e d  i n  a given ins tance  w i l l  

the  p a r t i c l e s  are very i r r e g u l a r  i n  shape 

Cloud he iqhts  and macrostructure .  
It is known t h a t  t h e r e  a r e  clouds on 
J u p i t e r  and Saturn.  These clouds m u s t  
p lay a major r o l e  i n  the r a d i a t i v e  proc- 
e s ses  i n  these  p lane tary  atmospheres, 
bo th  i n  the  absorp t ion  of  s o l a r  r a d i a t i o n  
and i n  t h e  emission of  i n f r a red  thermal 
energy. A knowledge of the  cloud s t r u c -  
t u r e s  is  e s s e n t i a l  f o r  e s t ab l i sh ing  the  

t o t a l  atmospheric s t r u c t u r e .  It is prob- 
able t h a t  t h e  clouds a l s o  p lay  a major 
r o l e  i n  the  atmospheric dynamics and that 
they can serve  as an ind ica to r  of p a t t e r n s  
of atmospheric motion. 

Thus it would be valuable  t o  have 
measurements of the  cloud he ights  as a 
funct ion of  l oca t ion  on the  p l ane t s .  This 
can be achieved from measurements o f  t he  
wavelength dependence of  t he  po la r i za t ion .  
The sharp v a r i a t i o n  wi th  wavelength of t h e  
cross-sect ion f o r  Rayleigh s c a t t e r i n g  
allows the  number of  gas  molecules i n  a 
v e r t i c a l  column above the  clouds t o  be 
es t ab l i shed  from measurements a t  two wave- 
lengths ,  a t  least one of  which has a non- 
neg l ig ib l e  Rayle igh o p t i c a l  thickness  
above the  clouds ( T ~ ~ ~  >, -01) and a t  least 
one of which i s  s u f f i c i e n t l y  t r anspa ren t  
f o r  Rayleigh s c a t t e r i n g  (TRay ,< - 0 5 ) .  The 
f i l t e r s  selected f o r  the proposed photo- 
po lar imeter  w i l l  allow the  measurement of 
cloudtop he igh t s  between -1Omb and a t  
least -1atm. With Earth-based observat ions,  
because of the  small  ava i l ab le  range of 
phase angles  f o r  the  o u t e r  p l a n e t s ,  it is  
only poss ib l e  t o  conclude t h a t  t h e  equa- 
t o r i a l  clouds on J u p i t e r  are much higher  
than t h e  polar  clouds. However, t he  l a r g e r  
phase angles  and higher  s p a t i a l  r e so lu t ion  
a t t a i n a b l e  on the  MJS missions w i l l  allow 
a mapping o f  cloud he igh t s  on J u p i t e r  and 
Saturn.  It w i l l  a l s o  be poss ib l e  t o  de- 
termine whether t he re  are clouds above 
-1atm on Uranus and Neptune, and, i f  t h e r e  
a r e  c louds,  average cloud he ights  can be 
obtained. 

The gross  cloud s t r u c t u r e  can a l s o  
be ex t r ac t ed  from the  po la r i za t ion  i n  t h e  
sense that a haze can be d is t inguished  
from a more o p t i c a l l y  dense cloud. The 
e s s e n t i a l  d i s t i n c t i o n  here  is the  mean 
f r e e  photon pa th  o r  t he  v i s i b i l i t y .  
Rayleigh s c a t t e r i n g  observable i n  the  
po la r i za t ion  may a r i s e  from gas encoun- 
t e r ed  within t h e  top  p a r t  of t h e  'c loud '  
by photons whose t o t a l  number of scatter- 
ings is s m a l l ,  a s  w e l l  as from gas above 
the  clouds.  In  the  case of  t e r r e s t r i a l  
condensation clouds the  Rayleigh s c a t t e r -  
ing wi th in  the  clouds can be neglected,  
b u t ,  on the  o the r  hand, t h e  'c louds '  on 
Venus appear t o  be a d i f f u s e  haze with a 
long mean f r e e  path.  On J u p i t e r  and Saturn 
it is poss ib l e  t h a t  some of t he  clouds a r e  
a c t u a l l y  a haze,  o r  t h a t  t h e r e  a r e  hazy 
regions above clouds.  These a l t e r n a t i v e s  
can be d is t inguished  by p o l a r i z a t i o n  
measurements of  a given region from d i f f e r -  
e n t  d i r e c t i o n s  of observat ion.  Some 
s i m i l a r  information can be obtained from 
measurements of t he  i n t e n s i t y  as a func- 
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t i o n  of the  zeni th  angle ( ' l imb da rken ing ' ) ,  
p a r t i c u l a r l y  i f  the s t r e n g t h  of absorp t ion  
l i n e s  i s  measured, b u t  the  i n t e r p r e t a t i o n  
of i n t e n s i t y  observations is more model- 
dependent because they r ep resen t  an average 
over a greater range of atmospheric depth. 

Particle s i zes .  The c l a s s i f i c a t i o n  
of p a r t i c l e s  according t o  whether t h e i r  
mean s i z e  is less than, on the order  o f ,  
o r  l a r g e r  than the wavelengths employed 
can be made i n  a l l  cases ,  r ega rd le s s  of 
the  p a r t i c l e  shape. For cases  i n  which 
the p a r t i c l e s  and t h e i r  s c a t t e r i n g  behav- 
i o r  can be t h e o r e t i c a l l y  modeled it is 
poss ib l e  t o  obtain more p r e c i s e  informa- 
t i o n  on the  p a r t i c l e  s i z e .  For both ap- 
proximate and p rec i se  p a r t i c l e  s i z i n g  ob- 
se rva t ions  a r e  required a t  a few ( 3 - 5 )  
wavelengths spaced over the a v a i l a b l e  
wavelength i n t e r v a l .  To provide d a t a  f o r  
accu ra t e  t h e o r e t i c a l  modeling r equ i r e s  
observa t ions  a t  these wavelengths over as 
wide a range of phase angles a s  poss ib l e .  

A t  l e a s t  some of the clouds on J u p i t e r  
and Sa turn  may be c i r r u s - l i k e  with t h e  
p a r t i c l e  composition "3, NH4HS o r  some- 
thing e l s e .  If the p a r t i c l e s  a r e  c r y s t a l s  
with a s i z e  210 t i m e s  the  wavelengths it 
w i l l  be poss ib l e  t o  e s t a b l i s h  from the 
p o l a r i z a t i o n  t h a t  t h e i r  s i z e  has t h a t  
lower l i m i t .  However, the cloud o r  haze 
p a r t i c l e s  may well be smaller  than t h i s ,  
and i n  such a case it w i l l  be poss ib l e  t o  
e s t a b l i s h  t h e i r  mean s i z e  a t  l e a s t  wi th in  
a f a c t o r  of two. 

For the r ings  of Saturn the same 
p o s s i b i l i t i e s  for  p a r t i c l e  s i z e  discr imi-  
na t ion  e x i s t  as fo r  the clouds and hazes 
i n  p lane tary  atmospheres. There is  a l s o  
the p o s s i b i l i t y  t h a t  one o r  more of the 
r i n g s  of Sa turn  i s  composed of boulders 
which could be covered with f i n e r  p a r t i -  
cles. This p o s s i b i l i t y  can be d i s t i n -  
guished, by means of the p o l a r i z a t i o n ,  
from the case of s c a t t e r i n g  by independ- 
e n t  p a r t i c l e s .  I f  the r i n g s  a r e  i n  f a c t  
made of large boulders with t ex tu red  
s u r f a c e s ,  the information obta inable  from 
the  p o l a r i z a t i o n  w i l l  be comparable t o  
t h a t  which can be i n f e r r e d  for  p l ane ta ry  
s u r f a c e s ;  it w i l l  be poss ib l e  t o  d i s t i n -  
gu i sh  an icy  surface from one s i m i l a r  t o  
t h a t  of the  moon and a l s o  t o  ob ta in  some 
measure of the sca le  of the surface tex- 
t u r e .  

D u s t  p a r t i c l e s  i n  i n t e r p l a n e t a r y  
space and i n  the v i c i n i t y  of the p l a n e t s  
can a l s o  be inves t iga t ed  by absolute  

photometry and polar imet ry  measurements. 
These p a r t i c l e s  a r e  wel l - su i ted  fo r  t h i s  
type of i n v e s t i g a t i o n  because they a r e  
c e r t a i n l y  independent s c a t t e r e r s  and they 
probably have a mean s i z e  on the same 
order  as the wavelengths o f  the photo- 
po lar imeter .  The measurements should 
allow the determination of the s p a t i a l  
d i s t r i b u t i o n  of i n t e r p l a n e t a r y  p a r t i c l e s  
as we l l  as t h e i r  s i z e  and o p t i c a l  proper- 
t ies  as a funct ion of d i s t ance  from the 
sun. 

P a r t i c l e  micros t ruc ture .  D e t a i l s  
of the p a r t i c l e  mic ros t ruc tu re  i n  a d d i t i o n  
t o  the mean p a r t i c l e  s i z e ,  such as  more 
information on the  s i z e  d i s t r i b u t i o n  and 
t h e  r e f r a c t i v e  index, shape and phase of 
the  p a r t i c l e s ,  can o f t e n  be obtained from 
the  photopolar imet r ic  observat ions.  
These d i f f e r e n t  a spec t s  of the microstruc- 
t u r e  a r e  i n t e r r e l a t e d  and the knowledge 
which can be obtained depends on the  
a c t u a l  s i t u a t i o n s  encountered. 

. 
1 

The most r e l i a b l e  information on the 
p a r t i c l e  shape i s  provided by the p o l a r i -  
za t ion  of the s c a t t e r e d  l i g h t  a s  a func- 
t i o n  of phase angle.  I f  the  p a r t i c l e s  
a r e  s p h e r i c a l  the shape is revealed by 
s p e c i f i c  f e a t u r e s  i n  the p o l a r i z a t i o n .  
In t h i s  p a r t i c u l a r  case the na tu re  of 
these f e a t u r e s  and t h e i r  v a r i a t i o n  with 
wavelength can a l s o  be used t o  accu ra t e ly  
e s t a b l i s h  the p a r t i c l e  r e f r a c t i v e  index 
and i n  some cases a l s o  the width of the 
s i z e  d i s t r i b u t i o n .  A s p h e r i c a l  shape 
a l s o  makes it very probable t h a t  t h e  
phase of the p a r t i c l e s  is l i q u i d .  

Nonspherical p a r t i c l e s  a r e  eas i ly  
d i s t ingu i shab le  from spheres .  For most 
nonspherical  p a r t i c l e s  l a r g e r  than the  
wavelength the  only no t i ceab le  f e a t u r e s  
i n  the p o l a r i z a t i o n  a r i s e  from rays  re- 
f l e c t e d  o r  twice r e f r a c t e d  by the p a r t i -  
cles; f o r  independently s c a t t e r i n g  
p a r t i c l e s  t h i s  gives  rise t o  a p o s i t i v e  
p o l a r i z a t i o n  a t  most phase angles ,  b u t  
a negat ive  p o l a r i z a t i o n  near the forward 
s c a t t e r i n g  d i r e c t i o n .  For s p e c i f i c  
c r y s t a l l i n e  shapes t h e r e  a r e  s p e c i f i c  
f e a t u r e s  i n  the p o l a r i z a t i o n ,  such a s  
the ice c r y s t a l  h a l o s ,  which can be used 
'for p a r t i c l e  i d e n t i f i c a t i o n .  These 
f e a t u r e s  depend on the  c r y s t a l  shape and 
r e f r a c t i v e  index. For cases  such a s  
J u p i t e r  and Saturn,  i n  which the clouds 
a r e  suspected t o  have some s p e c i f i c  com- 
p o s i t i o n ,  these p o l a r i z a t i o n  f ea tu res  
can be used t o  confirm o r  r e j e c t  t h e  
composition i n  quest ion.  

1 
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